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SUMMARY 
Circulating cell recruitment is critical to a variety of physiological and 
pathophysiological processes and occurs amidst the high shear environment of the 
vasculature via a multistep rolling to firm adhesion cascade. Cells initially engage the 
vascular endothelium through interactions between endothelial-presented selectins and 
their corresponding ligands presented by circulating cells. These interactions precede 
firm adhesion and arrest and eventually transmigration across the endothelium for tissue 
infiltration. Since many cell subtypes including leukocytes and metastatic cancer cells 
employ this mechanism to facilitate their escape the vasculature, understanding 
differences in cell-subtype adhesive behavior can inform the development of targeted 
therapeutics that interfere with metastatic cell transport, while leaving physiologically 
important immune cell recruitment mechanisms intact. As such, the overall objective of 
this work was to explore how selectin-mediated adhesion 1) is regulated by the 
biochemical and biophysical microenvironment of the vasculature and 2) varies among 
different cell subtypes and 3) with characteristics of circulating cells. Through the use of 
in vitro fluidic methodologies in conjunction with innovative single-cell analyses we 
have begun to elucidate key differences in the selectin-dependent adhesive behavior of 
metastatic versus leukocytic cells and identified potential molecular regulators of 
enhanced rolling adhesion behavior, which may serve as targets in the development of 
pharmacologic agents aimed at reducing selectin-mediated adhesion of clinically 
challenging cell subtypes. 
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CHAPTER 1. INTRODUCTION 
1.1 Motivation 
Despite recent advances in early detection and treatment of many cancer subtypes, 
metastatic dissemination of cancer cells from the primary tumor to distant sites in the 
body remains the largest clinical barrier to the successful treatment of cancer, accounting 
for approximately 90% of all cancer-related deaths [1, 2].  Hematogeneous metastasis is 
initiated when a cancerous cell is shed from a primary tumor and intravasates into the 
bloodstream, where it can travel to distant sites in the body for tissue infiltration and 
formation of a secondary tumor. However, extravasation from the blood vasculature is set 
in a high shear environment, necessitating a multistep adhesion cascade to slow cells 
down relative to free flow [3]. In this process, cells initially engage the vascular 
endothelium through interactions between endothelial-presented selectins and their 
corresponding ligands on circulating cells. The fast kinetics that characterize these 
interactions combined with the dispersive forces of fluid flow in the blood vasculature 
facilitate cell rolling adhesion, by which a cell continues to translate along the 
endothelium in the direction of flow, though at a substantially slower velocity relative to 
cells in free flow. This enables both slower kinetic interactions between integrins and 
their receptors and chemotaxis along and across the vascular endothelium to occur to 
complete extravasation from the blood vasculature [4, 5].  
In contrast to the facilitation of metastatic dissemination, this mechanism of cell 
adhesion in high shear environments is also employed by leukocytes in a highly regulated 
manner which enables for the maintenance of homeostasis. For example, leukocyte 
recruitment controls the time course [6], severity [7], and resolution [8] of processes 
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ranging from acute infection [9] to wound healing [10, 11]. Within these physiological 
and pathophysiological contexts, vascular remodeling represents an evolutionarily 
conserved mechanism which tunes the cellular response to maintain a balance of immune 
response and resolution. More precisely, regulation of biophysical and biochemical 
characteristics within the microvascular microenvironment have the ability to 
spatiotemporally direct the adhesion and thus recruitment of leukocytes at specific sites 
of local inflammation. For example, in the context of acute infection or atherosclerosis, as 
disease state progresses, blood vessels in diseased tissues dilate, altering flow conditions, 
and expression of selectins and firm adhesion molecules are upregulated, co-localized, 
and spatially extended in discrete patches of varying length [9, 12]. However, the precise 
effects imparted by these alterations to the biophysical and biochemical 
microenvironment on the ability of adhesive molecules to synergize in the facilitation of 
leukocyte adhesion in flow has yet to be explored, and existing experimental techniques 
do not allow the precise manipulation of these microenvironmental characteristics. 
Therefore, there exists a need to develop an in vitro platform to better understand how 
vascular remodeling imparts a high level of regulation on the adhesion and thus 
recruitment of leukocytes. Moreover, since recent work has revealed a role for the 
recruitment and accumulation of a specific subset of nonclassical “patrolling” monocytes 
in preventing the progression of lung metastases in mouse tumor models by engulfing 
tumor debris and recruiting other cytotoxic cell subtypes [13], an understanding of how 
leukocyte recruitment is regulated by the microvascular microenvironment may offer 
insight into the innate regulation of anti-tumor responses.  
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Since a hallmark of cancer is its ability to evade immune destruction [14], 
however, native immune responses must be bolstered by interventional approaches to 
successfully prevent metastatic dissemination. While the inhibition of metastatic cell 
adhesion processes represents an attractive anti-metastasis therapeutic approach, the 
similarity with which both metastatic cells and leukocytic cells engage with the vascular 
endothelium suggests that this approach may be stymied by adverse off-target effects. For 
example, pharmacologic inhibition of selectins [15-17] or their ligands [18-20] in models 
of colon carcinoma has been shown to reduce metastasis to distant organs, but has also 
been shown to attenuate leukocyte recruitment [21, 22]. Thus, broad spectrum selectin 
inhibition in an anti-metastatic therapeutic approach could severely impair patient 
immune function [9, 23, 24], wound healing responses [10, 11], and even the anti-
metastatic effects imparted by patrolling monocytes [13]. In this way, not only might 
broad selectin inhibition interrupt unrelated, physiologically important processes, but 
may also self-limit anti-metastatic therapeutic efficacy by attenuating an anti-tumor 
immune response. However, force probe experiments have revealed dissimilarities in the 
cell-selectin bond kinetics of metastatic versus leukocytic cell interactions with selectins 
[25-27] offering promise that there may be therapeutically exploitable differences in the 
manner by which these cell subtypes facilitate interactions with selectins in flow. Yet a 
thorough characterization of cell-selectin interactions in a physiologically relevant 
context, which includes recapitulation of hemodynamic forces and endogenous 
presentation of adhesive ligands on the cell subtypes of interest, has not yet been 
conducted. Accordingly, there is a clinical need to develop techniques and standardized 
metrics which enable the systematic comparison of the cell-subtype specific interactions 
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of metastatic versus leukocytic cells with selectins in order to reveal therapeutically 
exploitable targets for anti-metastatic therapeutics. 
Not only should therapeutic strategies consider cell subtype specificity, but since 
metastatic cell interactions with selectins in flow are characterized by a highly 
heterogeneous distribution of adhesive phenotypes [28, 29], the greatest therapeutic effect 
might be achieved by interruption of the selectin-mediated interactions of the most 
adhesive metastatic cells. However, most metastatic cells express, not one, but an array of 
selectin ligands with redundant and overlapping activities [30], and our lack of 
understanding of how these ligands singly or synergistically contribute to adhesive 
interaction in the context of fluid flow attenuates our ability to design approaches to 
mitigate the binding activity of the most adhesive metastatic cells. Existing observational 
flow cytometric techniques fail to simultaneously characterize functional selectin binding 
and selectin ligand expression [28, 29, 31] and interventional approaches which assay 
adhesion behavior of manipulated or sorted cell populations are thwarted by technical 
limitations and therefore fail to identify functionally relevant therapeutic targets. 
Moreover, some selectin ligands have been implicated in both facilitating selectin-
mediated adhesion and promoting a proliferative, motile, and invasive phenotype [32], 
indicative of a cancer stem cell (CSC) subpopulation. Despite the ability of this CSC 
subpopulation to evade the cytotoxic effects of radio- and chemotherapy treatment [33], 
little is known about how its highly-metastatic nature relates to the ability of these 
subpopulations to mediate adhesion via the selectins.  Therefore, in order to inform the 
development of targeted anti-metastatic therapeutics that interfere with the binding of the 
most clinically challenging cell subpopulations, there is a clear and unmet need to 
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analyze rolling adhesion behavior and corresponding selectin ligand and cancer stem cell 
expression profiles on a single cell basis. 
To these ends, the overall objective of this work was to develop and implement 
novel, microfluidic-based systems that recapitulate salient features of the inflamed 
vascular microenvironment to explore 1) how selectin mediated adhesion is regulated by 
the biochemical and biophysical microenvironment of the vasculature, 2) how such 
selectin mediated adhesion processes vary among different cell subtypes and 3) what 
molecular mediators may underlie the adhesion and hematogeneous dissemination of 
metastatic cancer cells. The central hypothesis is that regulation of cell adhesive 
behavior by both the microenvironment and circulating cell characteristics critically 
depends on cell interactions with selectins. This hypothesis was tested using novel, in 
vitro fluidic methodologies in conjunction with innovative single-cell analyses in the 
following specific aims. 
 
1.2 Specific Aims 
Specific Aim 1: Understand how leukocyte adhesion in flow is regulated by 
biomechanical and biochemical parameters of the microenvironment. The working 
hypothesis of this aim is that biochemical and biophysical parameters of the inflamed 
microvascular microenvironment regulate the ability adhesion molecules P-selectin and 
intercellular adhesion molecule (ICAM)-1to mediate leukocyte rolling and firm adhesion. 
Through the integration of microfluidic patterning of adhesive proteins, a microfluidic-
based cell adhesion assay, high speed videomicroscopy, and spatiotemporal analyses, the 
extent and quality of THP-1 cell rolling adhesion as well as the extents of firm adhesion 
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and secondary cell capture under hemodynamic conditions on confined regions of P-
selectin and/or ICAM-1 presentation was assessed. We found that P-selectin and ICAM-1 
synergize to enhance monocyte firm adhesion and their co-presentation reduces the 
effective length required to sustain adhesion in flow. Moreover, we revealed potential 
underpinnings for this length-regulated synergy in our analysis of rolling velocities and 
secondary cell capture. These findings suggest a means by which monocyte adhesion 
may be rendered efficient at localized sites of inflammation and imply pathophysiological 
ramifications for local remodeling of the inflamed microvascular microenvironment in 
directing the efficiency of monocyte trafficking. These results are presented in Chapter 3. 
 
Specific Aim 2: Interrogate the differential capacity of leukocytic versus metastatic cell 
subtypes to sustain selectin-mediated rolling adhesion in flow. The working hypothesis 
of this aim is that rolling adhesion behavior diverges between leukocytes and metastatic 
cancer cells on P-, E-, and L-selectin in flow. We employed a high throughput, flow-
based cell adhesion chromatography experimental and analytical technique to assay large 
quantities of metastatic colon cancer cells (LS174T and Colo205) and leukocytic cells 
(THP-1 and HL-60) in order to interrogate cell-subtype differences in engagement and 
sustainment of rolling adhesion over a range of selectin types, concentrations, and flow 
conditions. We found that metastatic colon cancer cells exhibited a diminished capacity 
to sustain rolling adhesion on P-selectin relative to leukocytic cells, particularly at lower 
concentrations of P-selectin. In contrast, both metastatic and leukocytic cells exhibited 
reduced persistence on L-selectin and nearly 100% persistence on E-selectin, regardless 
of selectin concentration. Divergence of adhesion persistence between cell subtypes, or 
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lack thereof, could not be predicted by population-level flow cytometry analysis of 
selectin binding in solution. Moreover, conditions under which adhesion persistence was 
reduced corresponded to conditions exhibiting greatest sensitivity to a selectin antagonist, 
heparin. Together, these findings suggest P-selectin mediated adhesion mechanisms as an 
attractive target for cell-specific anti-metastatic therapeutics. More generally, our results 
implicate the utility of this analytical technique, in which the ability of different cell 
subtypes to initiate and sustain rolling adhesion on P-, E-, and L-selectin is assayed in a 
manner that allows for standardized comparisons of functional measures of cell adhesion 
behavior in flow. This work is presented in Chapter 4. 
 
Specific Aim 3: Evaluate the effects of selectin ligand expression on cell adhesion 
through the simultaneous, single-cell fluorometric quantification of cell velocities 
and selectin ligand expression. The working hypothesis of this aim is that a novel, 
single-cell fluorometric method of quantifying cell velocities can be developed, 
characterized, and implemented to interrogate the relationship between selectin ligand 
and cancer stem cell (CSC) marker expression and the diversity in adhesive phenotypes 
among metastatic colon carcinoma cells. To this end, we developed a high-throughput 
methodology that integrates organ-on-chip-like microfluidic and photoconvertable 
protein technologies to, for the first time, ascribe single cell velocity as a traceable cell 
property for off-chip analysis of the direct relationships between cell-molecular profiles 
and adhesive phenotypes in the context of physiologically relevant fluid flow. We 
implemented this platform to not only reveal the relationship between natively expressed 
selectin ligands to colon cancer cell rolling frequencies and velocities but also to provide 
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context for previously reported disparities in in vitro and in vivo models of selectin-
mediated adhesion and metastasis. This integrated methodology represents a versatile 
approach for the development of anti-metastatic therapeutics as well as to study a range 
of spatiotemporal processes occurring over timescales of seconds to hours with 
previously unattainable single-cell resolution. . 
1.3 Significance  
The work presented herein provides valuable insight into how selectins facilitate 
physiological and pathophysiological cell recruitment. Through the integrated use of 
modified microfluidic techniques, micropatterning of adhesive molecules, innovative 
analytical approaches, and novel techniques for labeling cells in a manner that 
discriminates their adhesive phenotype, we have been able to 1) understand how 
biochemical and biophysical characteristics of the microvascular microenvironment can 
affect cell adhesion, 2) discriminate the selectin-dependent adhesive behavior of 
metastatic versus leukocytic cells, and 3) interrogate the molecular underpinnings of 
heterogeneous metastatic cell adhesive phenotypes. Our findings suggest 
pathophysiological ramifications of vascular remodeling, known to persist throughout 
various disease contexts. Moreover, our results indicate a divergence in adhesive 
behavior of metastatic versus leukocytic cell subtypes under particular 
microenvironmental characteristics and suggest P-selectin mediated adhesion 
mechanisms may be therapeutically exploitable targets. Finally, by identifying key 
molecular characteristics that distinguish heterogeneous rolling adhesion behavior within 
a single population and comparing with expression of CSC markers, we have revealed 
potential candidates for specific therapeutic interference of the dissemination of a 
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therapeutically challenging subset of metastatic cancer cells. While our investigations 
have focused on exposing nuanced differences in the adhesive capacity of leukocytic and 
metastatic cell subtypes, the experimental and analytic methods developed and 
implemented herein could be used in the future to interrogate other cell subtype 
differences for therapeutic exploitation. 
  
 10 
CHAPTER 2. BACKGROUND AND LITERATURE REVIEW 
2.1 Cell Recruitment in the Vasculature 
2.1.1 Cell Adhesion in Hemodynamic Flow 
Circulating cells in the cardiovascular system are constantly exposed to 
hemodynamic forces as they traffic to target tissues throughout the body (Figure 2.1). 
Wall shear stress, or the tangential force acting at the interface between blood flow and 
the endothelium, is considered one of the primary forces regulating cell adhesion at the 
vessel wall, and can range from 1-6 dyn/cm
2
 in the venous circulation to 10-70 dyn/cm
2
 
in the healthy arterial system [34]. Therefore, adhesive interactions that facilitate cell 
extravasation from the blood flow must overcome these dispersive forces of fluid flow. 
 
Figure 2.1 Hemodynamic Forces Experienced by Cells. Cells, including platelets, 
stem cells, leukocytes, and metastatic cancer cells withstand normal, tensile, and 
shear forces during transit via the bloodstream to distant tissues. 
Accordingly, circulating cells employ a sophisticated and tightly controlled 
sequence of interrelated events that allow for their adhesion to the vessel wall amidst 
such hemodynamic forces. This process begins when transport-mediated contact of a 
circulating cell facilitates close proximity between endothelial presented selectins and 
their corresponding ligands on circulating cells [5]. The fast binding kinetics of these 
selectin-ligand interactions combined with the dispersive forces of fluid flow results in 
rapid bond turnover, which effectively slows a cell down relative to free flow velocity, 
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resulting in an apparent rolling adhesion behavior [35]. This initial adhesive response 
triggers paracrine signaling that results in upregulation of immunoglobulin cell adhesion 
molecules (CAMs) on the endothelial surface [36]. Moreover, the slower translational 
velocities of cells engaged in selectin-mediated rolling adhesion enables the formation of 
kinetically slower integrin-CAM bonds, resulting in firm adhesion, complete arrest, and 
eventual extravasation of the circulating cell (Figure 2.2A) [35]. When this process is 
experimentally recapitulated, rolling adhesion is observed as slow, unsteady forward 
translation slower than the free flow velocity (free flow velocity > translational velocity > 
0) [28] and firm adhesion is characterized by stationary arrest (translational velocity = 0) 
[28] (Figure 2.2B).  
 
Figure 2.2 Selectin Mediated Adhesion Process. (A) Leukocytes, circulating tumor 
cells, and other homing cells extravasate by a process of transport-mediated contact, 
selectin-mediated rolling adhesion, integrin-mediated firm adhesion, and migration 
across the endothelium. (B) Experimentally, two types of adhesion are observed: 
rolling adhesion (top row) and firm adhesion (bottom row). Colored labels indicate 
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position of an example rolling or firmly adhered cell at successive points in time, 
where red represents the 0 second time point and blue represents the 4 second time 
point. 
2.1.2 Selectins and Their Ligands 
The selectins include P-, E- and L-selectin, structurally differing only in the 
number of consensus repeats that each contains, which determines their respective 
functional distribution among various cell types [3]. P-selectin (also known as CD62P) is 
so named for its original discovery on platelets, but is additionally found on endothelial 
cells [3]. Though constitutively expressed and stored in α-granules of platelets or Weibel-
Palade bodies in endothelial cells, which can rapidly mobilize P-selectin for surface 
expression when stimulated, its expression can also be transcriptionally regulated by 
cytokines and activating agents including interlukin (IL)-4, IL-13, and oncostatin M [37, 
38]. E-selectin (CD62E) is primarily expressed on endothelial cells and is 
transcriptionally regulated by tumor necrosis factor (TNF)-α, IL-1, and others [39], while 
L-selectin (CD62L) is constitutively expressed on leukocytes [40]. Cytokine regulation of 
surface expression and transcriptional upregulation of selectin expression suggests the 
ability of the vascular endothelium to serve as an active, rather than static partner in 
directing cell adhesion in flow. 
Members of the selectin family share the ability to recognize the tetrasacharides 
sialyl Lexis x or a (sLe
x/a
) presented on circulating cell-expressed proteins and lipids [41, 
42], though the nature of the protein or lipid backbone and the extent of glycan epitope 
presentation can vary by cell type and disease state [43-45]. Together with the tight 
control that transcriptional regulation of selectin expression on the endothelium suggests, 
this molecular “bar coding” of circulating cells with specific modified ligands offers the 
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opportunity for physiological and pathophysiological processes to tune a cellular 
response spatially and temporally to elicit ameliorative or deleterious effects. This 
warrants a closer investigation of the effects of the characteristics of the microvascular 
microenvironment as well as those of the circulating cells themselves on the ability of 
cells to mediate adhesion in hemodynamic flow. 
2.2 Contributions of the Microvascular Microenvironment on Cell Adhesion in 
Hemodynamic Flow 
2.2.1 Vascular Remodelling in Physiological and Pathophysiological Cell Recruitment 
Contexts 
By altering characteristics of the microvascular microenvironment, remodeling of 
the vascular endothelium can regulate the cellular response to physiologic or 
pathophysiologic events. Vascular remodeling can manifest in a number of ways that 
influence wall shear stress levels as well as the density and area over which adhesion 
molecules are individually versus co-expressed by the vascular endothelium [9, 46-49] 
(Figure 2.3). These changes have been implicated in the progression and resolution of 
various physiological and pathophysiological processes ranging from atherosclerosis [48] 
to infection [9], cancer [50], and injury [10] by altering the way in which monocytes are 
recruited. For example, capillary dilation as well as upregulated and spatially extended 
expression of cell adhesion molecules P-selectin and intercellular adhesion molecule 
(ICAM)-1 on the vascular endothelium in response to Mycoplasma pulmonis infection 
results in a concomitant increase in leukocyte adhesion and infiltration [9]. The influence 
of remodeling on monocyte recruitment has also been implicated in atherosclerosis, with 
P-selectin and ICAM-1 being spatially co-localized and their expression restricted to the 
endothelium of human atherosclerotic rather than inactive fibrous plaques and the normal 
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arterial endothelium [46]. Genetic deficiencies in either P-selectin or ICAM-1 also lead to 
reductions in rodent model atherosclerotic lesions [47] in a manner suggested to be 
dependent on monocyte recruitment [51, 52]. Additionally, levels of inflammatory cell 
homing and plaque formation are elevated at regions of low shear stress [53]. The 
recruitment of leukocytes, including monocytes, is thus directed by the concerted effects 
of multiple biochemical and biomechanical controls within the microcirculation. 
However, the specific manner in which each of these vascular-remodeling-induced 
changes alters the course of monocyte rolling and firm adhesion remains to be explored. 
 
Figure 2.3 Biochemical and Biophysical Changes that Occur Throughout Vascular 
Remodeling. Remodeling of the vasculature can result in vessel dilation, changes to 
adhesive molecule expression, and changes to the area over which adhesive 
molecules are presented. The diameter is represented by “d,” wall shear stress is 
represented by τ
W
, and length is represented by L. 
2.2.2 Secondary Effects of Vascular Remodelling 
Adhesion facilitates reciprocal signaling between the vascular endothelium and 
circulating monocytes [54-61]. As such, understanding the regulation of cell adhesion by 
vascular remodeling is important to understanding how secondary signaling events may 
be affected by these same processes. Since adhesive interactions mediated by selectins 
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and integrins render a circulating monocyte susceptible to actions of endothelial cell-
presented cytokines, such as monocyte chemoattractant protein (MCP)-1, stromal cell-
derived factor (SDF)-1, and IL-8, signaling cascades triggered by these signaling 
molecules may further enhance or stabilize the initial monocyte adhesive response [54-
56]. Importantly, firm adhesion between circulating monocytes and the vascular 
endothelium is necessary but not sufficient to support monocyte tissue engraftment [57, 
58]. Additional signaling pathways mediated by monocyte adhesion are required for 
endothelial cytoskeletal reorganization and cell retraction, which facilitate leukocyte 
transmigration. For example, monocytes secreting soluble products [59, 60] or 
crosslinking endothelial cell-expressed P-selectin [61] or ICAM-1 [58] induce free 
calcium-dependent endothelial cell signaling. So, by affecting the degree of circulating 
cell exposure to the activated vascular endothelium and vice versa, both the extent as well 
as quality (e.g. rolling velocity) of adhesion have the potential to influence these 
secondary signaling processes that direct monocyte engraftment. Therefore, 
understanding the effects of specific biochemical and biomechanical remodeling changes 
within the microcirculation on cell adhesion has a potential to inform a greater 
understanding of how downstream signaling processes are regulated by inflammatory 
remodeling events. 
Moreover, monocyte adhesion supports secondary cell recruitment, which, 
through L-selectin mediated interactions is implicated in directly facilitating leukocyte-
leukocyte contact to potentiate auxiliary interactions with the endothelium in flow [62, 
63] and thus has the potential to amplify an initial cell recruitment response. Such capture 
mechanisms have also been implicated in the adhesion of cell types unable to directly 
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engage adhesive molecules presented by the vascular endothelium, such as breast 
carcinoma cells [64]. Secondary cell adhesion therefore represents a mechanism of 
facilitating heterotypic or enhancing homotypic cell adhesion in inflammation and 
disease. While the manner in which secondary cell capture is regulated by the 
biomechanical and biochemical characteristics of the microenvironment has not been 
fully elucidated, clarifying this relationship would enable a better understanding of how 
vascular remodeling may modulate the degree of immune response by maintaining cell 
recruitment levels below a threshold or by amplifying the response when necessary. 
2.2.3 Microfluidic Techniques for the Evaluation of the Effects of the Microvascular 
Microenvironment on Cell Adhesion 
In order to investigate the ways in which the vascular microenvironment controls 
cell adhesion, a number of techniques have been developed that aim to recapitulate many 
of its salient features. For instance, parallel plate microfluidic devices have been 
extensively employed in the study of cell adhesion under hemodynamic conditions [65], 
since wall shear stress is nearly uniform across the width of the channel [66] and can be 
easily manipulated by varying the rate of perfusion to achieve wall shear stress levels 
representative of those exhibited by the venous microenvironment where these 
interactions often take place [67]. Furthermore, the ability to functionalize channel 
surfaces with uniform or patterned adhesive proteins enables the isolation and 
interrogation of the role that key adhesive molecules play in cell rolling and firm 
adhesion, which can be observed using video microscopy. While the patterning of single 
adhesive molecules has been previously explored [68-70], the integration of microfluidic 
approaches with techniques to combinatorially present adhesive molecules known to 
facilitate monocyte rolling and firm adhesion [71, 72] over geometrically defined areas 
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remains to be seen, despite its importance to revealing key insights into how vascular 
remodeling may regulate monocyte recruitment and signaling.  
2.3 Selectin Mediated Adhesion in Maintenance of Homeostasis and Metastatic 
Progression 
While selectin mediated recruitment of leukocytes, platelets, and stem cells 
represents a highly regulated process important to endogenous repair and the 
maintenance of homeostasis, metastatic cancer cells have evolved with a mechanism to 
hijack this machinery in order to facilitate a more dysregulated process of hematogeneous 
dissemination. Although routes of physical entrapment of circulating metastatic cells in 
small-diameter vessels of capillary beds accounts for a fraction of metastatic cell 
recruitment [5, 73, 74], compelling evidence suggests that intercellular adhesive 
interactions play a substantial role, though the precise molecular mediators may be 
dependent on metastatic cell origin [75]. In the context of colon cancer, selectin-mediated 
adhesion pathways in particular have been implicated in the dissemination of metastatic 
cancer cells, as genetic knockdown or pharmacologic inhibition of  P-, E-, and L-selectin 
has been shown to significantly reduce metastasis to distant organs in in vivo models [15-
17, 76-78]. This is thought to result from direct interactions of metastatic cells with P- 
and E-selectin expressed on the inflamed vascular endothelium in a manner which 
facilitates their firm adhesion and eventual transmigration [76, 79]. Indirectly, leukocytes 
and platelets can enable, in a selectin-dependent fashion, either secondary capture of 
metastatic cells or the formation of tumor cell emboli to facilitate immune evasion and 
resist dispersive shear forces in the vasculature [17, 80, 81]. Direct or indirect 
engagement of metastatic cells with selectins can also confer pro-survival signals to the 
selectin-engaged tumor cell [82] and can likewise signal to the endothelium for 
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upregulation of chemokines in a manner which promotes a permissive metastatic 
microenvironment [83]. Thus, there is a clear role for selectins in facilitating 
hematogeneous dissemination of metastatic cells, suggesting this adhesion mechanism is 
an attractive target for cancer therapeutics.  
While several therapeutic approaches have aimed to reduce metastatic cell 
adhesion and extravasation via antibody or small molecule blockade of selectins or other 
adhesion molecules [18-20, 84], broad selectin inhibition may have deleterious effects on 
cell recruitment in important physiological contexts, critical to the maintenance of 
homeostasis. For example, the immune system’s response to infection or injury relies on 
P- and E-selectin presented locally on the inflamed vascular endothelium in order to 
direct the recruitment of leukocytes [9, 24, 85]. In the context of vascular injury, 
monocyte and platelet accumulation and aggregation at denuded vascular regions also 
rely on adhesive interactions with P-selectin [86]. Moreover, the recruitment of a subset 
of non-classical patrolling monocytes has recently been identified as playing a role in 
preventing metastasis to the lungs in murine tumor models [13]. Therefore, the 
development of a platform and corresponding metrics to standardize comparisons of 
cellular interactions with selectins represents an important step towards the discovery and 
dose-testing of effective, targeted anti-metastatic therapeutics. It should be noted that 
selectin binding in in-solution flow cytometry assays fails to predict functional 
interactions with selectins in physiological flow [28, 29], and as such, a platform for the 
interrogation of cell subtype differences in selectin mediated adhesion should incorporate 
hemodynamic conditions in order to assay differences in functional selectin binding 
processes. 
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2.4 Contributions of Circulating Cell Characteristics on Cell Adhesion 
2.4.1 Selectin Ligand Expression by Different Cell Subtypes 
Differences in the type, density, and extent of glycan epitope modification of 
selectin ligands on metastatic and leukocytic cells offer promise that a target for the 
specific interference of metastatic cell adhesion in the blood vasculature exists. While 
leukocytes are known to express common selectin ligands such as CD44, P-selectin 
Glycoprotein Ligand (PSGL)-1 and E-selectin Ligand (ESL)-1 to engage in selectin 
mediated adhesion in flow [87], diseased or metastatic cells can express a subset of these 
as well as several non-canonical selectin ligands such as carcinoembryonic antigen 
(CEA) and podocalyxin-like protein (PCLP) [43, 44], characterized by selectin-binding 
kinetics which are distinct from those that govern leukocyte-selectin interactions. For 
example, interrogation of the binding kinetics of metastatic Colo205 and leukocytic HL-
60 cells interacting with E-selectin in a biomolecule force probe experimental setup 
revealed a two-fold difference in the bond off-rates between these cell types [25]. Other 
reports have characterized bond strengths of metastatic and leukocytic binding to P-
selectin and found that the tensile strength of these interactions notably differs between 
cell subtype [26, 27]. Given that cells express a variety of selectin ligands with redundant 
and overlapping functions [30] but which are characterized by different kinetics [25, 26], 
there exists a need to determine how these ligands singly or synergistically contribute to 
adhesive interaction in the context of fluid flow. 
2.4.2 Modifications of Selectin Ligands in Disease Contexts 
Differences in measures of functional selectin-mediated adhesion or in 
characterization of single bond kinetics between cell subtypes may arise from differences 
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in modification of selectin ligand backbones. For example, when isolated from different 
cell types including HL-60 leukocytes and LS174T metastatic cancer cells, the same 
ligand backbone can present different per-ligand densities sLe
x
 epitopes recognized by 
the HECA-452 monoclonal antibody [88]. Despite its role as the minimal selectin-
binding epitope, the affinity of monovalent sLe
x 
is very low (~1mM), and as such, 
multivalent display on protein and lipid backbones, facilitated by the activity of multiple 
enzymes confers higher selectin binding affinity, which in turn is suspected to enable 
selectin-ligand bonds to withstand high tensile forces in the shear environment of the 
vasculature [89, 90]. Such multivalent display is reported to increase overall affinity of 
isolated molecules for the selectins [90]. In in vitro experiments, purification and 
presentation of ligands with differing extents of per-ligand sLe
x
 density on cell size-
matched microparticles revealed an important role for epitope density in regulating 
functional rolling adhesion outcomes on P-, E-, and L-selectin [88]. However, little is 
known about the relative contribution of sLe
x
 versus glycoprotein expression to cell 
adhesion in the physiological context of endogenous, cell expressed ligands.  
2.4.3 Existing Tools for Interrogating the Regulation of Cell Adhesion by Ligand 
Expression and Modification 
Despite its supposed importance in regulating selectin ligand functionality, 
current techniques fall short of providing comprehensive insight into how ligand 
expression and modification relates to the heterogeneous distribution of cell adhesive 
phenotypes observed in vitro [28, 29]. For example, several studies have combined flow-
based, live-cell adhesion assays with analytical models to obtain the unstressed off-rate of 
selectin ligand pairs and determine binding affinity of different cell types in shear flow 
[70, 91, 92]. However, the expression of multiple different selectin ligands on a given cell 
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type, each with potentially different per-ligand densities of sLe
x
 limits the value of these 
techniques in understanding the specific functional regulators of cell adhesion in flow. To 
overcome this limitation, ligands of interest or ligands known to exhibit different sLe
x
 
densities can be isolated, purified, and functionalized on microparticles [88] or non-
endogenously expressed in cell lines for similar flow-based analysis or analysis using 
force probe techniques [43, 93]. While this represents an attractive approach to 
experimentally narrow the scope of selectin mediated interactions being interrogated at 
any one time in order to tease out contributions of specific ligands and modifications, 
these methods are hindered by the laborious task of generating and validating numerous 
microparticle formulations or cell-lines to test the contributions of the over twenty 
selectin ligands known to play critical roles in both normal and pathophysiological 
processes [3, 94]. Moreover the presentation of ligands in their non-native context runs 
the risk of altering glycosylation, leading to a misleading interpretation of the relative 
role that each the selectin ligand itself and the extent of glycosylation play in facilitating 
selectin mediated adhesion. 
 Other methods aimed at perturbing expression levels of endogenously expressed 
ligands to interrogate the resultant adhesive outcomes have included fluorescence 
activated cell sorting (FACS) of cells labeled for a particular selectin ligand, or genetic 
knockdown of protein ligand backbones [44, 88, 95]. However, these techniques can 
inadvertently select for or regulate the glycosylation of alternative ligands [44], 
confounding our understanding of how selectin ligands contribute to adhesive behavior in 
their unperturbed, native context. While treatment with enzymes or metabolic inhibitors 
[96] or genetic knockdown of glycotransferases [97] may impart some control over the 
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extent of glycosylation of selectin ligands, the redundant or overlapping activity of 
various glycotransferases responsible for the extent of sLe
x
 expression in colon cancer 
tissues makes a targeted interrogation challenging [98, 99]. Moreover, these approaches 
are stymied by technical challenges such as the requirement of non-function blocking 
antibodies for labeling in conjunction with FACS-based sorting, a lack of persistence of 
sorted phenotypes in culture, and the infeasibility of generating a myriad of knockdown 
cell lines. Therefore, there is a need for new technologies to reveal the relationship 
between selectin ligands and sLe
x
 as well as relative to one another and to the quality of 
rolling adhesion they facilitate in a native, unperturbed context in order to facilitate a 
greater understanding of the cell-molecular regulation of adhesion and metastasis. 
2.5 Cancer Stem Cells 
Cancer stem cells (CSCs), identified originally in hematological cancers [100, 
101] and subsequently solid tumors [102, 103], are characterized by their unlimited 
capacity to proliferate, self-renew, and differentiate into the heterogeneous population 
necessary to initiate and sustain a growing tumor. Due to their slower cell cycling, 
upregulated DNA repair mechanisms, and resistance to apoptosis, CSCs can evade the 
cytotoxic effects of radio- and chemotherapy treatments [33], leading to relapse, often to 
an even more aggressive cancer than had originally manifested clinically [104]. 
Therefore, there is a need to retool classical cancer therapeutic approaches to target these 
clinically relevant CSCs but little is known about how these cells facilitate their escape 
from the vasculature in the context of hematogeneous metastasis. 
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2.5.1 Cancer Stem Cell Markers 
While the clinical relevance of the CSC population has become more widely 
accepted, evidenced by the number of commercialized devices which seek to enumerate 
and isolate CSCs [105], agreement upon a set of accepted CSC markers represents a point 
of contention in the field. For example, the putative CSC marker CD133 has been used to 
identify a tumor initiating cell population in colon carcinoma that classified cells with a 
high capacity to could self-renew, differentiate, and produce tumors [106, 107]. However, 
conflicting reports suggest that CD133 expression on the colonic epithelium is ubiquitous 
and did not distinguish colon cancer cell colonosphere formation potential [108]. 
Moreover, the relationship between CSC marker expression level (low or negative versus 
high or positive) and the tumorigenic and stem-like properties of CSCs can vary between 
cell origin. For instance, breast cancer CSC populations are characterized by low levels 
of CD24 expression [109, 110], while colon carcinoma CSCs express high levels of 
CD24 [111]. Given these ambiguities and also given the small population that CSCs 
represent of their parent metastatic cell population, the simultaneous expression of CSC 
markers has been studied in the identification of CSC subsets. In the context of colorectal 









to distinguish CSC populations in both cell lines and primary tumor 
samples, validated by their ability to form colonies, self-renew and differentiate into 
enterocytes, enteroendocrin, and goblet cell linearges. [111, 112] 
Relevant to the inquiries throughout this thesis, reports throughout the literature 
have shown that LS174T colon carcinoma cells, specifically, have a CSC subpopulation, 
which is positive for CD44 [113], CD24 [114], EpCAM [115] and to a lesser extent 
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CD133 [116], and also has the ability to form colonospheres [116], indicating their stem-
like behavior. In vivo studies of tumorigenicity of isolated CSC populations suggest that 
CSC subsets are in fact capable of initiating and sustaining tumors [116], emphasizing 
their role in metastasis [117].  
2.5.2 Cancer Stem Cells and Selectin Mediated Adhesion 
Since the initiation and sustainment of rolling adhesion is crucial to cell 
extravasation and consequently metastasis, a thorough investigation into the rolling 
adhesion behavior of CSCs may reveal selectin-mediated adhesion mechanisms as targets 
for therapeutically inhibiting the dissemination of the CSC subpopulation. Coincidentally 
or not, many of the markers typically used in the identification of CSCs can also exhibit 
selectin binding properties. For example, the use of both CD44 and CD24 to stratify a 
CSC subpopulation of metastatic cells is well reported throughout the literature [113, 
114], and yet both CD44 and CD24 are also recognized as functional selectin ligands for 
metastatic cancer cells [95, 118]. This suggests that cancer stem cells may represent a 
population of cells that are enriched for their adhesive capacity insofar as selectin 
mediated adhesion in hemodynamic flow is concerned [119].  
Indeed, a recent study which utilized functionalized fluidic devices to physically 
sort a heterogeneous population of prostate cancer cells based on their adhesive 
interactions with E-selectin revealed that the rolling cell population developed larger and 
more numerous sphere colonies in 3D culture compared to their free flowing counterparts 
[120]. In conjunction with higher expression of several markers previously utilized in the 
identification of prostate cancer CSCs, these findings suggest that CSC and selectin 
adhesion phenotypes may coincide [120]. However, the relevance of these findings to 
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metastatic cells from other lineages and the precise manner in which CSC marker 
expression correlates with the expression of selectin ligands and the frequency and 
velocities of rolling cells and in turn to their metastatic efficiency remains to be 
elucidated. For example, despite its known role as both a functional selectin ligand [95] 
and CSC marker [113] on LS174T colon carcinoma cells, CD44 knockdown cells 
injected intravenously in murine subjects resulted in a surprising 10-fold increase in 
metastatic spread to the lungs and liver [121]. A thorough investigation into the 
regulators of enhanced metastatic potential in the absence of CD44 has yet to be 
conducted, but may reveal an alternative selectin ligand or CSC marker enriched in 
CD44
-
 cells enabling their efficient metastatic dissemination. The development of a 
platform which relates rolling adhesion behavior of metastatic colon cancer cells to the 
expression of cancer stem cells markers such as CD24 alongside classic selectin ligands 
such as CD44, CEA, and sLe
x
 may offer insight into the molecular underpinnings of this 
apparent anomaly while also providing perspective on potential therapeutic targets for 
interfering with metastatic dissemination.  
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CHAPTER 3. P-SELECTIN AND ICAM-1 SYNERGY IN 
MEDIATING THP-1 MONOCYTE ADHESION IN HEMODYNAMIC 
FLOW IS LENGTH DEPENDENT [122]  
3.1 Introduction 
Monocyte differentiation into specialized macrophage and other cell subtypes that 
direct endogenous repair and inflammatory signaling mechanisms [123-125] is critical to 
the progression and resolution of various physiological and pathophysiological processes 
ranging from atherosclerosis [48] to infection [9], cancer [50], and injury [10]. Monocyte 
recruitment into diseased and/or healing tissues is thus critical to the time course[6], 
severity [7], and resolution [8] of pathology.  
The monocyte recruitment process is initiated by a multistep, rolling to firm 
adhesion cascade [35] in which circulating cell-expressed ligands engage adhesion 
receptors presented on the vascular endothelium [126]. Selectins initiate and sustain the 
unsteady forward translation of circulating monocytes in rolling adhesion, while integrin-
mediated adhesion facilitates cell arrest prior to transendothelial migration [126]. 
Specifically, it is well established that endothelial-expressed P-selectin and ICAM-1 play 
key functional and cooperative roles in monocyte adhesion to the inflamed endothelium 
during their recruitment to diseased tissues in vivo. For example, attenuation or inhibition 
of endothelial P-selectin expression via antibody blockade [21, 22] or genetic knockdown 
[71, 127, 128] in murine models of atherosclerosis and inflammation results in reduced 
leukocyte rolling adhesion and total recruitment. ICAM-1 deficiency [129] or inhibition 
[130] similarly has been found to reduce leukocyte recruitment and consequently alter 
disease outcomes [47, 52, 131]. In the context of inflammation [9] and atherosclerosis 
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[12], among other diseases, P-selectin and ICAM-1 are known to co-localize in discrete 
segments of the vasculature, the incidence of which is associated with increased 
leukocyte infiltration [9, 12]. Accordingly, simultaneous antibody blockade of these two 
adhesion molecules reduces the level of leukocyte infiltration to a greater extent than that 
achieved by inhibition of either P-selectin or ICAM-1 alone [72]. Indeed, numerous in 
vitro studies have demonstrated the requirement of P-selectin-mediated rolling adhesion 
in the facilitation of leukocyte firm adhesion on ICAM-1 under non-static levels of wall 
shear stress [31, 132], supporting the concept of P-selectin and ICAM-1 synergistically 
regulating monocyte recruitment in vivo.  
While the influence of adhesive molecule density and hemodynamic force on P-
selectin- and ICAM-1-mediated rolling and firm adhesion in fluid flow has been 
previously interrogated [31, 133, 134], the significance of P-selectin and ICAM-1 co-
expression in a locally upregulated manner [9, 12, 46] as is observed in inflammation [9] 
and atherosclerosis [12, 46] remains unexplored. It is well appreciated that integrin-
mediated firm adhesion is inefficient under flow (non-static) conditions [135, 136] and 
instead requires selectin-mediated rolling adhesion to slow cells down relative to the free 
flow velocity in order to occur in hemodynamic flow [133]. However, it is unclear how 
rolling adhesion, which may vary as hemodynamic conditions and adhesive molecule 
expression levels and presentation geometries in the microvascular microenvironment 
change, translates into firm adhesion when P-selectin and ICAM-1 are co-presented. 
Indeed, by changing the probability of forming the minimum number of bonds required 
to mediate adhesive interactions, the length of P- and L-selectin presentation, in addition 
to adhesive ligand concentration and wall shear stress level, regulates the capacity of 
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leukocytic cells to mediate rolling adhesion [70]. Rolling adhesion itself also imparts 
mass transport limited effects on receptor-ligand binding by nature of the transient rolling 
interaction with the substrate [70, 134, 137]. Furthermore, the area (and most importantly 
the length in the direction of the flow field) of adhesive molecule co-presentation limits 
opportunities for adhesive bonds to be formed and, as a result, adhesion, either rolling or 
firm, to be sustained immediately or proximally distal in the downstream flow field 
direction of the site of rolling initiation. The area of adhesive ligand presentation by the 
inflamed microvasculature therefore has the capacity to regulate P-selectin/ICAM-1 
synergism in facilitating the capture of circulating monocytes via firm adhesion in 
numerous ways. 
Herein, we undertook to elaborate on the interplay between P-selectin and ICAM-
1 presented in a spatially confined manner on the adhesion of monocytes under the 
influence of hemodynamic flow. Although it is intriguing to observe cell adhesion and 
transmigration in the natural continuum under which it exists in vivo, observational 
measurements of monocyte recruitment do not enable controlled manipulation of the 
desired parameters. Both existing, endothelialized or adhesive molecule-functionalized 
microfluidic systems also fail to recapitulate the needed spatial variation and co-
presentation of specific adhesive molecules. To circumvent these limitations, we 
conducted both spatiotemporal analyses of conventional microfluidic-based cell adhesion 
assays employing substrates functionalized uniformly with adhesive molecules as well as 
adhesion assays utilizing substrates functionalized via micropatterning to yield adhesive 
molecule-functionalized patches of defined geometric lengths. Using high-speed 
videomicroscopy, we assayed the extent of THP-1 monocyte cell rolling versus firm 
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adhesion and found P-selectin’s capacity to enable both rolling adhesion and ICAM-1-
mediated firm adhesion in flow is acutely regulated by the length of adhesive molecule 
presentation, the extent of which is modulated by both P-selectin concentration and wall 
shear stress level. We furthermore provide evidence that together with wall shear stress 
and P-selectin concentration, adhesive molecule presentation length crucially influences 
the quality of rolling adhesion and the extent of secondary cell capture to in turn regulate 
the ability of P-selectin and ICAM-1 to function synergistically in the facilitation of 
THP-1 cell adhesion in flow. 
3.2 Materials and Methods 
3.2.1 Reagents and Materials 
All cell culture reagents were purchased from Life Technologies (Carlsbad, CA). 
Anti-Human IgG (Fc specific), Bovine Serum Albumin (BSA), and fluorescein 
isothiocyanate (FITC) conjugated BSA were from Sigma-Aldrich (St Louis, MO). P-
selectin-IgG Fc (P-selectin) and ICAM-IgG Fc (ICAM) were purchased from R&D 
Systems (Minneapolis, MN). 35mm non-tissue culture treated polystyrene dishes were 
purchased from Corning (Corning, NY). Polydimethylsiloxane (PDMS) base and curing 
agent were from Ellsworth Adhesives (Germantown, WI, USA). Cell lines were obtained 
from the American Type Culture Collection (Manassas, VA). 
3.2.2 THP-1 Cell Culture  
Human monocytic THP-1 cells were maintained in suspension culture in 
RPMI1640 supplemented with 10% heat-inactivated fetal bovine serum, 1mM sodium 
pyruvate, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and 1% 
penicillin-streptomycin. THP-1 cells were subcultured every third day via dilution of 1:5 
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in order that they be maintained between 2 x 10
5
 and 2 x 10
6
 cells/mL. For experiments, 
cells were centrifuged at 300 x g for 5 minutes and resuspended in 0.1% BSA in D-PBS 




and stored on ice until use. 
3.2.3 Substrate Functionalization 
In experiments utilizing uniformly functionalized substrates, a 1.07 x 0.25 cm 
rectangle in the center of 35mm non-tissue culture treated, round, polystyrene dishes was 
coated with anti-IgG (Fc specific) at a concentration corresponding to the total P-selectin 
and ICAM-1 concentration in each condition. Anti-IgG solutions were prepared in D-
PBS without calcium and magnesium and adsorption took place overnight at 4˚C. 
Functionalized substrates were subsequently washed with D-PBS, blocked with 1% BSA 
in D-PBS for 1 hour at room temperature, washed with D-PBS again, incubated with 
either 1.0, 2.5, or 10 µg/mL
 
of P-selectin with or without the addition of 2.5 µg/mL
 
ICAM-1 in D-PBS with calcium and magnesium for 2 hours at room temperature, and 
washed again with D-PBS. For experiments aimed at determining the effect of ICAM-1 
concentration on monocyte adhesion, solutions containing 0.5, 1.0, 1.5, and 2.5 µg/mL
 
ICAM-1 with or without the addition of 2.5 µg/mL
 
P-selectin were used. Next, substrates 
were blocked with 1% BSA in D-PBS as was a 0.53 x 0.25 cm rectangular control (non-
functionalized) region immediately proximal to the rectangular adhesive molecule-
functionalized substrate. In experiments utilizing substrates comprised of patterned 
adhesive molecules, a microfluidic protein patterning technique was employed as 
reported elsewhere [68, 69]. Microchannels with channel widths of 25, 50, 100, 250, 500, 
and 700 μm were fabricated using a 9:1 PDMS elastomer base to curing agent ratio. After 
curing at 90⁰C for 4 hr, each channel was inverted and pressed onto a 35mm non-tissue 
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culture treated, round, polystyrene dish such that the flow through the channel would be 
perpendicular to the flow path of the perfused cells. Anti-IgG (Fc specific) at 15 µg/mL
 
in 
D-PBS without calcium and magnesium was injected into the inverted channel and left to 
adsorb overnight at 4˚C. Channels were flushed with D-PBS, and 1% FITC-BSA was 
injected into the channels to block the adhesive stripe for 1 hour at room temperature. 
Channels were then flushed with D-PBS and refilled with 1.0, 2.5, or 10 µg/mL
 
of P-
selectin in D-PBS containing calcium and magnesium with or without the addition of 2.5 
µg/mL
 
ICAM-1. After 2 hours at room temperature, channels were flushed again with D-
PBS and removed from the dish surface. The entire dish was then blocked with 1% BSA 
in D-PBS for 1 hour at room temperature to prevent non-specific adhesion. All dishes 
were subsequently stored at 4˚C in D-PBS until use in same-day experiments. 
3.2.4 Flow Based Cell Adhesion Experiments 
A 0.010 inch thick silicone gasket with a 2.5 mm wide rectangular opening was 
assembled between an acrylic disk, pre-fitted with inlet and outlet ports (GlycoTech 
Corporation, Gaithersburg, MD) and a functionalized polystyrene dish via vacuum 
suction. Chambers as well as inlet and outlet tubing lines were filled with 0.1% BSA in 
D-PBS perfusion medium, taking care to ensure no air bubbles formed at connections. 
The outlet line was connected to a syringe on a PhD Ultra Harvard Apparatus syringe 
pump (Holliston, MA) via Luer-lock connection, and the inlet line was connected to a 
reservoir. The chamber was placed on an optical microscope (Eclipse Ti, Nikon, 
Melville, NY) and medium was perfused through the chamber at the desired flow rate via 
syringe withdraw. A suspension of 5×10
5
 THP-1 cells/mL was added to the inlet 
reservoir and perfused at a flow rate to attain the desired shear stress. Image recording 
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was initiated when perfusion of the cell suspension reached an approximate steady state 
using the Nikon NIS-Elements software. Six evenly spaced positions within the 
functionalized region of the dish were imaged for 30 seconds each, followed by checking 
to ensure no non-specific adhesion on the non-functionalized control region (Figure 
3.1A).  
 
Figure 3.1 Schematic of Imaging Setup for Experiments Performed Using 
Uniformly Functionalized Substrates and Micropatterned Stripes. (A) On uniformly 
functionalized substrates, after 3 minutes of perfusion to allow for flow equilibrium, 
multiple fields of view (FOV) were imaged in succession for 30 seconds each. (B) On 
micropatterned stripes, after 3 minutes of perfusion, multiple fields of view (FOV) 
were imaged in succession for 1 minute each. (A-B) Green rectangle signifies P-
selectin/ICAM-1 functionalized area, centered in the flow path; grey indicates area 
that was only blocked.  
To record adhesion on microfluidic patterned stripes of P-selectin and ICAM-1, 
the adhesive stripe was centered in the field of view when movie acquisition began, and a 
fluorescein isothiocyanate filter (excitation 475-492, emission 505-535, Chroma, Bellows 
Falls, VT) was used to briefly observe the location of the stripe before switching back to 
bright field imaging for the remainder of the 60 second video acquisition. This was 
repeated such that three evenly spaced fields of view along the stripe were imaged for 
any one experiment (Figure 3.1B). For all experiments, the exposure time was 0.281 μs, 
the frame rate was 25 frames per second, the objective magnification was 10x, the image 
size was 500 by 376 pixels, and the image was binned 2x2. Videos were manually post-
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processed by counting the number of rolling and firmly adhered cells per 30 or 60 second 
video field of view. A firmly adhered cell was defined as a cell that did not move more 
than 1 radius in length over the course of the experiment (Figure 3.2A).  
 
Figure 3.2 Rolling Adhesion, Firm Adhesion, and Velocity Analyses. (A) 
Representative frames depicting cell rolling (top row) and firm adhesion (bottom 
row). Colored labels indicate cell position at successive points in time, where red 
represents the 0 second time point and blue represents the 4 second time point. (B) 
Visual description of instantaneous and average velocity calculations. Green outline 
indicates stripe location, yellow circles indicate recorded positions of a single track. 
All scale bars 50 µm. 
 
3.2.5 Velocity and Secondary Cell Adhesion Analysis 
Average and instantaneous velocities were measured for 10 rolling cells per FOV 
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within each experiment (repeated in triplicate) using a manual particle tracking plugin 
[138] in ImageJ (National Institutes of Health). Average velocity was determined by 
dividing a cell’s total translational distance over the functionalized area by the total time 
of same. Instantaneous velocity was determined by dividing the distance of cell 
translation between individual frames by the time between frames. A cell was considered 
to be mediating rolling adhesion if the translational velocity was <150, 300, 450, or 600 
µm/sec for 0.5, 1.0, 1.5, or 2.0 dyn/cm
2
, respectively. Instantaneous rolling velocity was 
calculated as the mean of instantaneous velocities that fell below these rolling adhesion 
thresholds. Rolling adhesion time and rolling adhesion length were determined by 
summing the total time or length, respectively, for which a cell was mediating rolling 
adhesion. Percent binding time and percent binding length described these same times 
and lengths divided by the total time or length of tracked cell movement. Velocity 
calculations are depicted in Figure 3.2 B. Secondary cell capture was determined by 
counting the number of cells captured in clusters. 
3.2.6 Statistical Analysis 
Data are represented as the mean ± SEM. Statistics were computed using GraphPad 
Prism 6. For determining whether each condition resulted in significant levels of rolling 
or firm adhesion, one-sample t-tests were performed with a null hypothesis of a zero 
mean. Other experiments used either a one-way or two-way ANOVA, where appropriate 
with Bonferroni post-hoc analysis. For determining the threshold lengths required to 
facilitate rolling and firm adhesion, significant adhesion was defined as when the t-test 
was significant and the value of adhesion flux was ≥ 2 cells / FOV x min. Linear 
regression was used to determine effects of stripe length and Pearson’s correlation was 
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used to determine relationships between adhesion outcomes and measures of rolling 
adhesion quality. One, two, three, and four symbols denoting statistical significance 
represent p<0.05, p<0.01, p<0.001, and p<0.0001, respectively. 
3.3 Results 
3.3.1 P-selectin/ICAM-1 Synergy in Mediating THP-1 Cell Adhesion in Flow is 
Regulated by P-selectin Concentration and Wall Shear Stress 
In order to begin interrogating the effect of adhesive molecule presentation length 
on monocyte rolling and firm adhesion, a conventional parallel plate flow chamber assay, 
in which wall shear stress is nearly uniform across the width of the bottom surface [66], 
was used. Substrates were functionalized uniformly with adhesive molecules presented in 
situ on the inflamed endothelium and since leukocyte recruitment occurs 
pathophysiologically under low fluid forces typical of the venous circulation [16, 139, 
140], wall shear stresses ranging from 0.5 to 2.0 dyn/cm
2
 were assayed. In conjunction 
with high speed video microscopy, post-processing of perfusion experiments conducted 
in such flow systems allowed for quantification of the extents of THP-1 cell rolling 
adhesion, which is characterized by slow, unsteady forward translation at speeds less than 
the free flow velocity (free flow velocity > translational velocity > 0) [28], and firm 
adhesion (translational velocity = 0) (Figure 3.2A).  
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Figure 3.3 P-selectin and ICAM-1 Function Cooperatively and Synergistically to 
Facilitate Enhanced Extents of THP-1 Firm Adhesion at Low Shear Stresses and 
Intermediate to High P-selectin Concentrations. Analysis of the extent of cell rolling 
(A,C,G,H) and firm (B,D-H) adhesion on substrates uniformly functionalized with 
P-selectin and/or ICAM-1 in parallel plate flow chamber-based adhesion assays. 
The extent of rolling adhesion on P-selectin (A) and P-selectin + ICAM-1 (C) is 
inversely proportional to wall shear stress (τwall) and P-selectin concentration while 
the extent of firm adhesion on both P-selectin (B) and P-selectin+ICAM-1 (D) 
decreases with increasing wall shear stress but increases with increasing P-selectin 
concentration. ICAM-1 alone does not support substantial levels of rolling (A) or 
firm (B) adhesion, and ICAM-1 concentration has little to no effect on the extent of 
firm adhesion when co-presented with P-selectin (E). (F) Differences in levels of firm 
adhesion on P-selectin + ICAM-1 versus P-selectin alone were significantly non-zero 
only when the P-selectin concentration was 2.5 µg/mL or greater. (G) The 
proportion of firmly adhered of total interacting cells is higher when P-selectin was 
co-presented with ICAM-1 than when P-selectin was singly presented at low wall 
shear stresses and intermediate and high P-selectin concentrations (2.5, 10 µg/mL). 
(H) The ratio of firm to rolling adhesion is higher when P-selectin and ICAM-1 are 
co-presented compared to P-selectin alone and greatest at low wall shear stresses 
 37 
and intermediate to higher P-selectin concentrations. Dashed line represents an 
equal extent of firm to rolling adhesion. (A-H) Data represent 6 sampled imaging 
fields of view from 3 independently run experiments, with mean ± SEM indicated 
for each condition. (A-D) Two-way ANOVA with Bonferroni correction for multiple 
comparisons, † and § indicate significance of comparisons against lowest wall shear 
stress and lowest P-selectin or ICAM-1 concentration, respectively. One-sample t-
tests were conducted for all data, where Ho=0 (A-F) or Ho=1 (H), and * indicates 
significantly non-zero or non-unity means, respectively. (G) One-way ANOVA with 
Bonferroni correction for multiple comparisons, (H) t-tests between P and P+I for 
each condition, (G-H) $ indicates significance of comparisons between P and P+I. 
(A-H) 0.5, 1.0, 1.5, 2.5, and 10 in legends and axis titles indicate concentrations of 
either P-selectin (P) or ICAM-1 (I) in µg/mL. 
In agreement with the published literature [70, 136], substrates uniformly 
functionalized with P-selectin alone facilitated both rolling (Figure 3.3A) and firm 
adhesion (Figure 3.3Error! Reference source not found.B) of THP-1 cells, the 
magnitude of which decreased with increasing wall shear stress. While there was no 
adhesion on substrates functionalized only with ICAM-1 (Figure 3.3A, B, inverted 
triangles), co-presentation of P-selectin with ICAM-1 supported both rolling (Figure 
3.3C) and firm adhesion (Figure 3.3D), consistent with the previously demonstrated 
functional dependence of ICAM-1 engagement on selectin-mediated adhesion [31, 133]. 
The extent of firm adhesion facilitated by this co-presentation was inversely proportional 
to wall shear stress and increased with increasing P-selectin concentration (Figure 3.3D). 
In distinct contrast, increasing ICAM-1 concentration had essentially no effect on the 
extent of firm adhesion (Figure 3.3E). By quantifying the difference in the extents of firm 
adhesion on P-selectin+ICAM-1 versus P-selectin alone, co-presentation of P-selectin 
and ICAM-1 was found to afford the greatest enhancement of firm adhesion at 
intermediate to high concentrations of P-selectin (2.5-10 µg/mL) and low wall shear 
stress (Figure 3.3F). Under these same conditions where the firm adhesion difference was 
non-zero, co-presentation of P-selectin and ICAM-1 did not enhance the extents of 
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rolling adhesion relative to P-selectin alone (Figure 3.4), indicating that P-selectin and 
ICAM-1 function synergistically to facilitate THP-1 cell firm adhesion but not rolling 
adhesion. Accordingly, at low wall shear stresses (0.5-1.0 dyn/cm
2
) and intermediate to 
high concentrations of P-selectin (2.5-10 µg/mL P-selectin), the relative distribution of 
rolling and firm adhesion shifted on P-selectin + ICAM-1 relative to P-selectin alone to 
reflect greater extents of firm adhesion without commensurate increases in rolling 
adhesion (Figure 3.3G). The ratio of firm to rolling adhesion, which normalizes the extent 
of firm adhesion in a manner that takes into account differences in the level of rolling 
adhesion between conditions (wall shear stress, P-selectin concentration, +/- ICAM-1), 
was higher when P-selectin was co-functionalized with ICAM-1 than when P-selectin 
was presented alone at low wall shear stresses (0.5-1.0 dyn/cm
2
) and intermediate to high 
P-selectin concentrations (2.5-10 µg/mL P-selectin) (Figure 3.3H), in accordance with 
firm adhesion difference (Figure 3.3F). These findings suggest that P-selectin and ICAM-
1 function cooperatively under all conditions tested to facilitate THP-1 firm adhesion and 
synergistically at low wall shear stresses and high P-selectin concentrations to facilitate 
greater extents of firm adhesion than when either adhesive molecule is presented alone. 
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Figure 3.4 Extent of Rolling Adhesion Remains Nearly Unchanged on P-selectin 
Alone Versus P-selectin+ICAM-1. Under all tested conditions, save one, there are no 
differences in the extent of rolling adhesion on P-selectin+ICAM-1 versus P-selectin 
alone. Data represent 6 sampled imaging fields of view from 3 independently run 
experiments, with mean ± SEM indicated for each condition. One-sample t-tests 
were conducted for all data, where Ho=0 and * indicates significantly non-zero mean 
that is also greater than zero. 1.0, 2.5, and 10 in legends indicate concentrations of 
either P-selectin (P) in µg/mL. 
3.3.2 The Extent of THP-1 Cell Adhesion in Flow is Length and Time Dependent While 
Rolling Velocities are Length Dependent 
Since in the previously described adhesion experiments multiple fields of view 
(FOV) at different locations within the perfusion chamber flow stream were imaged 
(Figure 3.1), the extents of rolling and firm adhesion on substrates uniformly 
functionalized with P-selectin with and without ICAM-1 were next resolved by FOV 
location in order to offer insight into how adhesion may be affected by the length over 
which P-selectin and ICAM-1 are presented. Using this method, the manner in which 
adhesive substrate length on a centimeter-scale affected the extent and quality of cell 
adhesion in flow was assessed. Given the sequence of FOV video acquisition, if the 
extent of adhesion increases with interaction length, the extent of adhesion at FOV 3 
would be greater than FOV1 since FOV 3 lies further downstream in the direction of 
flow. A dependence on length alone would also stipulate a proportional decrease in 
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extents of adhesion from FOV 4 through 6, given that FOV 6 represents the same length 
in the downstream direction of flow as FOV 1. However, if cell adhesion depends instead 
on the time of cellular interactions with the adhesive substrate but not substrate length, a 
direct linear relationship between adhesion and FOV location for FOV 1-6 would be 
predicted. Relationships between the extent of adhesion and FOV that lie between these 
hypothetical scenarios represent conditions under which both time and length influence 
adhesion, while the extent of adhesion would not change with FOV location if neither 
length nor time contributed to adhesion (Figure 3.5).  
 
Figure 3.5 Spatiotemporal Adhesion Analysis. Given the spatial and temporal 
variability between each field of view, changes in adhesion levels with FOV may 
suggest that adhesion is time and/or length dependent.  
Using this analysis methodology, THP-1 rolling adhesion on P-selectin was found 
to not be affected by FOV location at any wall shear stress or P-selectin concentration 
(Figure 3.6A-C), and rolling adhesion on co-functionalized substrates only exhibited 
small to modest length dependence at lowest P-selectin concentrations and intermediate 
wall shear stress (1.0 µg/mL, 1.5 dyn/cm
2
, Figure 3.6D-F). Contrastingly, the extent of 
firm adhesion on substrates functionalized with P-selectin alone (Figure 3.6 G-I) or co-
functionalized with ICAM-1 (Figure 3.6J-L) exhibited a length dependence at 1 µg/mL 
P-selectin + ICAM-1 and both length and time dependence at 2.5 and 10 µg/mL P-































selectin + ICAM-1 at the lowest shear stress tested. Notably, increases in firm adhesion 
on P-selectin and ICAM-1 co-functionalized substrates from FOV 1 to 3 (78-411% at 0.5 
dyn/cm
2
) could not be accounted for by the less than 5% increase in the number of cells 
settled on the substrate surface [28] between these locations. This suggests that the length 
of a substrate available for facilitating cell contact in flow regulates the extent of 
monocyte firm adhesion, particularly at low wall shear stress.  
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Figure 3.6 The Extent of THP-1 Firm but Not Rolling Adhesion on P-selectin 
Presented Alone or with ICAM-1 Varies with Imaging Position and Time. 
Quantification of the extent of rolling and firm adhesion on substrates uniformly 
functionalized with P-selectin with (P/I) and without (P) ICAM-1 under various wall 
shear stress and P-selectin concentrations (presented alone or with ICAM-1) with 
respect to FOV location. While rolling adhesion levels do not vary significantly with 
FOV location , except when lowest concentrations of P-selectin are co-presented 
with ICAM-1 at intermediate to high wall shear stress (1.0 µg/mL, 1.5 dyn/cm
2
) (A-
F), extents of firm adhesion on either P-selectin or P-selectin+ICAM-1 differ with 
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FOV location at 0.5 dyn/cm
2
 (D-F). Data represent mean ± SEM of 3 independently 
run samples. Two-way ANOVA with Bonferroni correction for multiple 
comparisons; ‡ indicates significance relative to first FOV location. (A-F) 1.0, 2.5, 
and 10 in legends indicate concentrations of either P-selectin (P) or ICAM-1 (I) in 
µg/mL. 
The variation of THP-1 rolling adhesion velocity with FOV location was next 
analyzed. At the lowest P-selectin concentration tested (1.0 µg/ml) and highest wall shear 
stress (2.0 dyn/cm
2
) only, the average velocities of THP-1 cells rolling on P-selectin 
decreased from FOV 1 to 3, (Figure 3.7A-C), whereas the percentage of slow rolling cells 
(instantaneous velocity  2 µm/sec for at least 50% of the cell’s tracked time) likewise 
increased with FOV location at low P-selectin concentrations (Figure 3.7D-F). These 
findings suggest that the quality of rolling adhesion, similar to the extents of firm 
adhesion, depends on the length of adhesive molecule presentation, at least for low P-
selectin concentrations. 
 
Figure 3.7 Cell Rolling Velocities and the Percentage of Cells Mediating Slow 
Rolling Varies with FOV Location at Low P-selectin Concentrations. (A-C) Average 
rolling velocities of THP-1 cells on substrates functionalized uniformly with P-
selectin decreased with FOV location on 1.0 µg/mL P-selectin. The percentage of 
 44 
cells mediating slow rolling adhesion (instantaneous velocity ≤ 2 µm/sec for at least 
50% of the cell’s tracked time) increases with increasing position in the direction of 
flow on 1.0 µg/mL (D) but not higher P-selectin concentrations (E-F). Data 
represent mean ± SEM of 10 tracked cells from each of 3 independently run 
samples. Two-way ANOVA with Bonferonni correction for multiple comparisons; ‡ 
indicates significance of comparison against first FOV location. (A-F) 1.0, 2.5, and 
10 in legends indicate concentrations of either P-selectin (P) or ICAM-1 (I) in 
µg/mL. 
3.3.3 Increasing Wall Shear Stress and Decreasing P-selectin Concentration Increase 
the Length Required to Mediate THP-1 Rolling and Firm Adhesion in Flow 
Analysis of THP-1 adhesion to uniformly functionalized substrates in flow 
revealed a dependency of firm adhesion on both adhesive substrate length and time. 
However, these experiments were performed under conditions wherein the initiation of 
adhesion could not be observed. Accordingly, upstream interactions, which may 
influence the quality of rolling adhesion downstream, could not be accounted for. 
Furthermore, the length scales probed were on the order of several millimeters to 
centimeters. However, up-regulated expression of P-selectin and ICAM-1 at sites of 
inflammation [9] and atherosclerotic plaques [71] observed in vivo occurs over spatially 
distinct areas with lengths on the order of tens to hundreds of microns [141]. Differences 
in either adhesion levels or the quality of adhesion over these shorter, more 
physiologically relevant length scales may be obscured by the large length scales probed 
on uniformly functionalized substrates.  
In order to overcome the limitations of our previous experimental configuration, a 
conventional parallel plate flow system was modified such that adhesive molecules (P-
selectin +/- ICAM-1) were patterned over spatially confined areas ranging in length from 
25 to 700 μm in the direction of flow (Figure 3.8A), and the extent of rolling versus firm 
adhesion was quantified. In line with experiments utilizing uniformly functionalized 
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substrates (Figure 3.3A-B), ICAM-1 failed to support THP-1 cell adhesion under any 
tested stripe length (25-700 μm) and shear stress level (0.5-1.5 dyn/cm
2
) (data not shown) 
whereas P-selectin enabled rolling adhesion in a manner that increased as a function of 
length, P-selectin concentration (Figure 3.8B), and wall shear stress (Figure 3.8C). 
Specifically, when wall shear stress was held constant at 0.5 dyn/cm
2
, 2.5 and 10.0 
µg/mL P-selectin presented over all stripe lengths tested (25 µm or longer) could 
facilitate rolling adhesion, whereas at 1.0 µg/mL P-selectin, 250 µm stripes or longer 
were required to support rolling adhesion (Figure 3.8B). Also, while the extent of rolling 
adhesion on 10.0 µg/mL P-selectin increased with increasing stripe length up to 250 µm, 
similar levels of rolling adhesion were achieved on 2.5 µg/mL P-selectin, but required the 
longest tested stripe length, 700 µm (Figure 3.8B). At 10 µg/mL P-selectin, increasing 
the wall shear stress from 0.5 to 1.5 dyn/cm
2
 increased the length required to support 
significant levels of rolling adhesion from 25 to 250 µm (Figure 3.8C). The maximum 
extent of rolling adhesion observed under any condition over these confined lengths only 
approached but did not achieve that which was observed over unconfined lengths (Figure 
3.8D). P-selectin also supported significant levels of firm adhesion, which were greatest 
at high P-selectin concentrations (Figure 3.8E) and low wall shear stresses (Figure 3.8F). 
These findings show that the threshold length of P-selectin presentation required for the 
facilitation of THP-1 rolling adhesion as well as the extent of adhesion facilitated at any 
length depend on P-selectin concentration and wall shear stress. 
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Figure 3.8 The Minimum Adhesive Substrate Length Required to Support Rolling 
and Firm Adhesion is Regulated by P-selectin Concentration, Co-presentation with 
ICAM-1, and Wall Shear Stress. (A) P-selectin ± ICAM-1 was patterned onto 
polystyrene dishes and blocked with FITC-BSA, resulting in stripes of adhesive 
molecules ranging from 25-700 μm in length orthogonal to the direction of flow 
(arrow). (B) 2.5 and 10.0 µg/mL P-selectin facilitates rolling adhesion when 
presented over lengths of 25µm or longer, the extent of which increases thereafter 
with increasing substrate length, while rolling adhesion on 1.0 µg/mL P-selectin only 
occurs on stripes 250µm or longer. (C) Similarly, at 0.5 and 1.0 dyn/cm
2
, 25µm 
lengths of 10 µg/mL P-selectin facilitate rolling adhesion, while a wall shear stress of 
1.5 dyn/cm
2
 requires 250µm of 10 µg/mL P-selectin. (D) Maximal levels of rolling 
adhesion on confined lengths approach but do not achieve maximum levels observed 
on unconfined lengths (Figure 3.3A) at low wall shear stresses (0.5 dyn/cm
2
) and 
high P-selectin concentrations (10 µg/mL). (E) Firm adhesion on 2.5 and 10 µg/mL 
P-selectin requires at least 100 and 500 µm lengths, respectively, to facilitate firm 
adhesion, and increasing the wall shear stress from 0.5 to 1.5 dyn/cm
2
 increases the 
length required to facilitate firm adhesion from 100 to 250 µm. (G-H) Co-
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presentation of P-selectin with ICAM-1 increases the extent of firm adhesion, which 
exhibits direct dependence on P-selectin concentration (G) and stripe length (G-H) 
and an inverse relationship with wall shear stress (H). (I) Co-presentation of P-
selectin with ICAM-1 lowers the threshold length required to facilitate substantial 
levels of firm adhesion relative to P-selectin alone 0.5 dyn/cm
2
. (J) The maximal 
level of firm adhesion observed on any length of adhesive stripe approaches that 
measured on similarly functionalized substrates of unconfined lengths (Figure 3.3) 
at the highest tested P-selectin concentration (10 µg/mL) under low to intermediate 
levels of wall shear stress (0.5 and 1.0 dyn/cm
2
) only when co-presented with ICAM-
1. (B-H,J) Data represent mean ± SEM of 3 FOVs from 3 independently run 
experiments. (B,C,E,F,G,H) * Indicates significantly non-zero values, determined by 
one-sample t-test; Ho=0 and a mean value ≥ 2. Two-way ANOVA with Bonferroni 
correction for multiple comparisons; †, §, and ‡ indicate significance of comparisons 
against 1.5 dyn/cm
2
, 1.0 µg/mL P-selectin, and 25µm, respectively. (J) One way 
ANOVA with Bonferroni correction for multiple comparisons; $ indicates 
significance of P vs P+I comparisons. (B-J) 1, 2.5, and 10 in legends indicate 
concentrations of either P-selectin (P) or ICAM-1 (I) in µg/mL. 
The synergism between P-selectin and ICAM-1 over confined lengths was next 
interrogated. The extents of rolling adhesion on P-selectin and ICAM-1 co-functionalized 
stripes mimicked the length, concentration, and wall shear stress dependence of rolling 
adhesion on P-selectin-only functionalized surfaces (data not shown). Similarly, longer 
lengths, higher concentrations, and lower wall shear stresses were found to facilitate the 
greatest extents of firm adhesion over these co-functionalized stripes (Figure 3.8G-H). 
Most strikingly, relative to P-selectin alone (Figure 3.8E-F), the co-presentation of P-
selectin+ICAM-1 lowered the threshold length required to facilitate significant levels of 
firm adhesion for all P-selectin concentrations at 0.5 dyn/cm
2 
(Figure 3.8I) and also 
facilitated maximal extents of firm adhesion that more closely approached the extents of 
firm adhesion observed over unconfined lengths, particularly on 10 µg/mL P-selectin at 
0.5 and 1.0 dyn/cm
2
 (Figure 3.8J). The synergism that this suggests was confirmed by the 
difference in the extents of firm adhesion on P-selectin + ICAM-1 versus P-selectin 
alone, which was significant when THP-1 cells were perfused at low to intermediate wall 
shear stresses, over intermediate to high P-selectin concentrations, and over lengths of 
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250µm or longer (Figure 3.9A). Firm to rolling adhesion ratios, which describe extents of 
firm adhesion in a manner which takes into account differences in extents of rolling 
adhesion between experimental conditions, were higher for P-selectin+ICAM-1 co-
functionalized stripes relative to P-selectin-only stripes under these same conditions 
(Figure 3.9B). These findings suggest that P-selectin and ICAM-1 function 
synergistically at low wall shear stresses and high P-selectin concentrations to lower the 
threshold for and facilitate greater extents of firm adhesion than when either adhesive 
molecule is presented alone. 
 
Figure 3.9 Co-presentation of ICAM-1 with P-selectin Increases the Extent of Firm 
Adhesion Relative to P-selectin Alone, an Effect Enhanced at Lower Wall Shear 
Stresses and Longer Adhesive Molecule Lengths. (A) The difference in the extent of 
firm adhesion mediated by the co-presentation of P-selectin+ICAM-1 versus P-
selectin alone is most substantial for intermediate to high P-selectin concentrations 
(2.5-10 µg/mL), low to intermediate wall shear stresses (0.5-1.0 dyn/cm
2
), and longer 
P-selectin/ICAM-1 presentation lengths (~≥ 250 µm). (B) Under similar conditions, 
the ratio of firm to rolling adhesion is higher on P-selectin + ICAM-1 compared to 
P-selectin alone. Line indicates an equal extent of firm to rolling adhesion. (A,B) 
Data represent mean ± SEM of 3 FOVs from 3 independently run experiments. 
One-sample t-test, Ho=0 (A) or Ho=1 (B), and * indicates significantly non-zero or 
non-unity means, respectively. (B) T-tests between P and P+I for each condition, (G-
H) $ indicates significance of comparisons between P and P+I. (A-B) 1, 2.5, and 10 in 
legends and axis titles indicate concentration of P-selectin (P) in µg/mL. 
3.3.4 Rolling Adhesion Quality is Affected by the Concentration and Length Over 
Which P-selectin is Presented and Correlates with Measured Extents of THP-1 
Adhesion to P-selectin with and without ICAM-1 in Flow 
The concerted effects of wall shear stress, P-selectin concentration, and length of 
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P-selectin presentation on the quality of rolling adhesion were next assessed. In order to 
do so, the instantaneous rolling velocity as well as the time and length over which a cell 
mediates rolling adhesion contact with a substrate, qualities of rolling adhesion, which 
may in turn influence the ability of cells to firmly adhere [137, 142], were quantified. 
While instantaneous rolling velocity of THP-1 cells rolling on P-selectin-only 
functionalized stripes did not appreciably vary with stripe length, on average, higher P-
selectin concentrations facilitated lower rolling adhesion velocities (Figure 3.10A-B). 
Both the length and time over which a cell is in rolling adhesion contact with the 
substrate (which is less than 100% of the total stripe length or time of image acquisition, 
respectively; Figure 3.10G-J) exhibited linear dependencies with stripe length such that 
larger functionalized areas support longer lengths and times of rolling adhesion (Figure 
3.10C-F). P-selectin concentration further regulated the relationship between length of 
rolling adhesion and stripe length, as higher P-selectin concentrations generally enabled 
longer lengths and times of rolling adhesion contact (Figure 3.10D,F).  
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Figure 3.10 Rolling Adhesion Quality Mediated by P-selectin Depends on Stripe 
Length, Wall Shear Stress, and P-selectin Concentration. (A-B) Mean instantaneous 
rolling velocity of THP-1 cells on P-selectin-functionalized stripes increases with 
 51 
decreasing P-selectin concentration. The length over which a cell is in rolling 
adhesion contact with the substrate (C-D) increases with increasing stripe length at 
low and intermediate wall shear stresses (0.5-1.0 dyn/cm
2
) and exhibits some 
dependence on P-selectin concentration, while the time during which a cell is in 
rolling adhesion contact (E-F) depends on stripe length at lowest wall shear stresses 
only (0.5 dyn/cm
2
). Percent binding time (G-H) and percent binding length (I-J) are 
weakly dependent on stripe length and lowest at longer stripe lengths. (A,C,E,G,I) 
Each data point represents a single tracked cell. (B,D,F,H,J) Data represent mean 
±SEM of singly tracked cells for each condition in each of 3 FOVs from 3 
independent experiments; linear regression, * indicates the slope of the relationship 
is nonzero and m indicates the slope of the linear relationship is significantly 
different among the indicated grouping. (A-B) 1, 2.5, and 10 in legends indicate 
concentration of P-selectin (P) in µg/mL. 
The relationship between these rolling adhesion qualities and the firm to rolling 
adhesion ratio was next evaluated. The extents of adhesion on either P-selectin or P-
selectin co-functionalized with ICAM-1 were compared to rolling adhesion qualities of 
THP-1 cells on P-selectin alone. This was done since co-functionalization may skew 
measured velocities towards only subpopulations that have not yet firmly adhered and not 
represent the velocities with which P-selectin mediates rolling adhesion initiation. 
Nevertheless, co-presentation of ICAM-1 with selectins [136] and/or inhibition of 
leukocyte integrins [76] has previously been shown to not substantially alter rolling 
velocities of unstimulated leukocytes. On P-selectin+ICAM-1 (Figure 3.11B left panel), 
but not substrates functionalized with P-selectin alone (Figure 3.11A left panel), the firm 
to rolling adhesion ratio exhibited a significant negative correlation with instantaneous 
rolling velocity on P-selectin. In contrast, firm to rolling adhesion ratios on P-selectin 
alone (Figure 3.11A) or co-presented with ICAM-1 (Figure 3.11B) both positively 
correlated with the length and time of rolling adhesion on P-selectin. These results 
suggest that the quality of rolling adhesion on P-selectin may underlie the normalized 
extents of firm adhesion observed, such that higher firm/rolling ratios are observed at 
slow instantaneous rolling velocities and long lengths and times of rolling adhesion 
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contact, particularly when P-selectin is co-presented with ICAM-1. 
 
Figure 3.11 Firm to Rolling Adhesion Ratios Correlate with the Quality of Rolling 
Adhesion. (A) The ratio of firm to rolling adhesion on P-selectin-only (P) 
functionalized substrates correlates with the length and time over which a cell 
mediates rolling adhesion. (B) On substrates co-functionalized with P-selectin + 
ICAM-1 (P+I), this ratio correlates with mean instantaneous rolling velocity as well 
as the time and length over which a cell mediates rolling adhesion on P-selectin. 
Increasing symbol sizes correspond to increasing stripe lengths from 25-700 µm. 
Data represent mean ± SEM of singly tracked cells for x-axis variables and mean ± 
SEM of 3 FOVs from 3 independently run experiments for firm/rolling adhesion 
ratios. Line indicates fit from linear regression, r indicates Pearson’s correlation 
coefficient, * indicates significance of correlation. 
3.3.5 Length- and Shear Stress- Regulated Contributions of Secondary Cell Capture to 
P-selectin and ICAM-1 Synergy 
Finally, whether secondary capture, a processes implicated in directly facilitating 
leukocyte-leukocyte adhesion [62, 63] in which adherent cells nucleate clusters or strings 
of additional cells from flow, depends on the concomitant effects of wall shear stress, P-
selectin concentration, and adhesive molecule presentation length and contributes to 
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appreciable levels of adhesion was evaluated. By quantifying the number of THP-1 cells 
adhered in clustered or string-like patterns downstream of an initially adherent cell, only 
the highest concentration of P-selectin tested (10 µg/ml) was found to be capable of 
facilitating significantly non-zero levels of secondary cell capture either alone (Figure 
3.12A) or presented with ICAM-1 (Figure 3.12B). More secondary cell capture was 
facilitated by co-presentation of these adhesive molecules, the extent of which was 
enhanced at longer lengths and lower shear stresses (Figure 3.12B). Secondary cell 
capture decreased with increasing wall shear stress, in line with previous reports [64], but 
this relationship was only apparent on longer stripe lengths (>500 µm), presumably due 
to low extents of adhesion on shorter lengths (Figure 3.12C). Interestingly the 
relationship between secondary cell capture and total primary cell adhesion revealed a 
threshold-like effect, whereby primary adhesion levels greater than approximately 10 
cells / FOV x min yielded substantial increases in the extent of secondary cell capture 
(Figure 3.12D), suggesting a possible mechanism by which adhesion differences may be 
amplified under particular lengths, wall shear stresses, and selectin concentrations where 
primary adhesion extents surpass that threshold. Indeed, firm adhesion synergy, measured 
by the difference in firm adhesion between P-selectin+ICAM-1 and P-selectin alone, 
correlated strongly with the difference in secondary cell capture between P-
selectin+ICAM-1 and P-selectin (Figure 3.12E). Most notably, while the firm/rolling 
adhesion ratios correlated well with the firm adhesion difference, secondary cell capture 
further discriminates the conditions under which firm adhesion synergy is greatest 
(Figure 3.12F). Since instantaneous velocity, rolling adhesion time, and rolling adhesion 
length each correlated with the firm/rolling adhesion ratio, these data suggest that both 
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the quality of primary cell rolling adhesion and the extent of secondary cell adhesion, 
while each integral to monocyte adhesion at different stages in the rolling to firm 
adhesion cascade, together may underlie the ability of P-selectin and ICAM-1 to function 
synergistically in the facilitation of THP-1 cell adhesion in flow. 
 
Figure 3.12 Secondary Cell Capture is Enhanced When P-selectin is Presented at 
High Concentrations, Over Longer Lengths, and With Low Wall Shear Stresses and 
Correlates with Firm Adhesion Synergy. (A-C) Secondary cell capture on P-selectin 
(P, A) or P-selectin+ICAM-1 (P+I, B) functionalized stripes generally increased with 
stripe length and exhibited negative linear dependence with shear stress, 
particularly on longer stripe lengths of P-selectin + ICAM-1 (C). (D) The extent of 
secondary cell capture increases with increasing primary adhesion after a threshold 
level of primary cell adhesion. (E) The difference in firm adhesion between P-
selectin+ICAM-1 versus P-selectin-alone is proportional to the measured difference 
in secondary cell capture. (F) The extent of secondary cell capture on P-
selectin+ICAM-1 (P+I) correlates with the ratio of firm to rolling adhesion, 
discriminating conditions for which firm adhesion difference was large (firm 
adhesion difference > 6 cells / FOV x min, red dotted box). (C-F) Increasing symbol 
sizes correspond to increasing stripe lengths from 25-700 µm. (A-F) Data represent 
mean ± SEM of 3 FOVs from 3 independently run experiments. (A-B) * Indicates 
significantly non-zero values, determined by one-sample t-test; Ho=0. Two-way 
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ANOVA with Bonferroni correction for multiple comparisons; † indicates 
significance of comparisons against 1.5 dyn/cm
2 
(C) Linear regression, * indicates 
significantly non-zero slope, trend lines shown for significant regressions only. (E) 
Pearson’s correlation, * indicates significance of correlation. 
3.4 Discussion 
In this work, we developed an integrated microfluidic-based approach to 
interrogate adhesive substrate length influences on the concerted effects of wall shear 
stress and adhesive molecule concentration on the extents of monocyte rolling and firm 
adhesion on P-selectin and ICAM-1 functionalized substrates. Co-presentation of P-
selectin and ICAM-1 was found to substantially decrease the length of adhesive substrate 
required to sustain adhesion in flow and enhance THP-1 firm adhesion in a manner most 
appreciable at adhesive substrate lengths 250 um and longer at lower wall shear stresses 
(0.5-1.0 dyn/cm
2
) and higher P-selectin concentrations (2.5-10 µg/mL) (Figure 3.3-Figure 
3.4, Figure 3.8). This synergy furthermore correlated with diminished cell rolling 
velocities and length-enhanced secondary cell capture (Figure 3.7,Figure 3.11-Figure 
3.12). 
There are numerous ways in which the density and geometry of adhesive 
molecule presentation can combine with hemodynamics to influence rolling adhesion and 
its transition into firm adhesion in flow. The initiation of rolling adhesion requires that a 
sufficient number of fast on-rate bonds between P-selectin and corresponding leukocyte-
expressed ligands form to provide collective tensile strength to overcome the dispersive 
forces imparted by fluid flow. By changing the probability of forming this minimum 
number of bonds, the length and density of selectin presentation regulates the capacity of 
leukocytic cells to mediate rolling adhesion [70]. Indeed, our findings revealed that not 
only did increasing the length of P-selectin presentation increase the extent of rolling 
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adhesion, but that lower P-selectin concentrations required longer lengths (>250 µm) to 
facilitate THP-1 rolling adhesion (Figure 3.8B). Moreover, increasing the wall shear 
stress of perfusion dictates that a greater number of bonds are required for a cell to 
sustain rolling adhesion [81], which in turn implies that longer lengths are required to 
probabilistically facilitate these higher bond number thresholds [70]. Accordingly, our 
results showed that increasing wall shear stress to 1.5 dyn/cm
2
 required longer lengths of 
P-selectin presentation (>250 µm) to support THP-1 rolling adhesion compared to lower 
wall shear stresses. In the translation from rolling to firm adhesion, previous reports have 
suggested that increasing the duration of rolling adhesion contact increases the extent of 
firm adhesion [137] since rolling adhesion itself imparts a mass transport limitation upon 
additional adhesive bond formation for the stabilization of rolling adhesion [70, 134, 
137]. As probabalistically expected, we found that extended lengths of adhesive molecule 
areas facilitate longer times and lengths of rolling adhesion contact, which corresponded 
to incresed extents of firm adhesion on either P-selectin or P-selectin co-functionalized 
with ICAM-1. Interestingly, lower instantaneous rolling velocities also corresponded 
with greater extents of firm adhesion, but only when P-selectin was co-presented with 
ICAM-1. This may be due to differences in the on-rates of P-selectin [143] and ICAM-1 
[81] binding with their respective leukocyte-expressed ligands (~4.4 x 10
6 







, respectively), such that ICAM-1 can only engage if a cell’s translational velocitiy 
facilitates long enough durations of contact with its conjugate integrin to successfully 




, respectively [143, 
144]) result in firm versus rolling adhesion. Finally, the level of such initial extents of 
firm adhesion may be amplified by secondary cell capture, since secondary leukocyte 
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capture has been implicated in enhancing the efficiency of leukocyte adhesion [62]. 
Indeed, we found elevated extents of secondary cell capture facilitated by co-presentation 
of P-selectin and ICAM-1 over long lengths (Figure 3.12). Together, these suggested 
mechanisms in the context of our results reveal how the process of initiation and 
sustainment of monocyte rolling adhesion as well as transition into firm adhesion and 
amplification of initial extents of adhesion can each be regulated by the concerted effects 
of the biophysical and biochemical properties of the local adhesion microenvironment.  
Our findings regarding the effect of length of P-selectin +/- ICAM-1 presentation 
on monocyte rolling and firm adhesion shed light on a potential (patho)physiological 
implication of spatially distinct, locally upregulated patterns of adhesive molecule 
expression. Transient selectin-mediated rolling adhesion has been implicated in enabling 
leukocytes to survey the vascular endothelium for chemical cues of inflammation [82]. 
Since we found that firm adhesion on P-selectin and ICAM-1 is enhanced relative to P-
selectin alone particularly over longer lengths, locally upregulated, extended co-
presentation of both of these adhesive molecules may serve to direct leukocytes 
surveying the endothelium to commit to adhesion and extravasation. While P-selectin and 
ICAM-1 are known to co-localize in spatially distinct regions of the vasculature in the 
context of inflammation [9] and atherosclerosis [12, 46], the length scale over which 
adhesion molecules are co-expressed is also dynamic in the context of vascular injury. 
Laser induced injury [122], mechanical injury [145], and chemical injury [86] all 
facilitate rapid (on the order of seconds to minutes) calcium signaling propagation over 
lengths on the order of tens to hundreds of microns, which has been reported to in turn 
facilitate concomitant upregulation of ICAM-1 [146] and P-selectin expression over 
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similar length scales [141]. The dynamic extension of adhesive molecule expression 
along the length of the vascular endothelium facilitated by calcium signaling or other 
mechanisms may therefore serve to rapidly tune the efficiency of monocyte recruitment 
to the local tissue.  
The variation in the quality of rolling adhesion resulting from changes in adhesive 
molecule presentation length suggests that spatially distinct, localized expression of 
adhesive molecules may serve, in addition to regulating P-selectin/ICAM-1 synergy, a 
(patho)physiological role by controlling the transport-limited exposure of circulating cells 
to the endothelium and vice versa in a manner which facilitates important intracellular 
signaling involved in adhesion- and migration-mediated cell trafficking. For example, 
monocyte engagement of endothelial P-selectin [132, 147, 148] and endothelial surface 
bound chemokines such as SDF-1 and IL-8 [55, 56] has been implicated in signaling 
processes that regulate monocyte activation. It has been reported that other chemokines 
such as monocyte chemoattractant protein-1, can further enhance or stabilize the initial 
monocyte adhesive response [54]. Further yet, monocyte adhesion is necessary but not 
sufficient to support monocyte tissue engraftment [57, 58], as additional signaling 
pathways such as those facilitated by the secretion of monocyte soluble products [59, 60] 
or crosslinking of endothelial expressed adhesion molecules [58, 61] can induce free 
calcium-dependent signaling within the endothelium to facilitate endothelial cell 
cytoskeletal reorganization and cell retraction for leukocyte transmigration. Since the 
initiation of rolling adhesion brings circulating cells in close contact with the endothelium 
to facilitate such signaling processes, and the magnitude of the response to a signaling 
cue is dependent on the concentration and duration of exposure to the stimulus [149, 
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150], the quality of rolling adhesion contact has the potential to regulate reciprocal 
signaling processes between monocytes and the inflamed vascular endothelium. 
Furthermore, since firm adhesion similarly facilitates cell-cell contact to enable 
downstream signaling processes, enhanced extents of firm adhesion exhibited by the co-
presentation of P-selectin and ICAM-1 may further enhance reciprocal signaling 
processes. This represents another avenue by which P-selectin/ICAM-1 synergy may 
control monocyte recruitment in a manner that is influenced by the local 
microenvironment.  
The effects of adhesive molecule presentation geometry on cell adhesion and 
resulting signaling have been extensively explored in the context of mechanobiology and 
hematology, but an analysis of the quality of rolling adhesion and the extent of firm 
adhesion presented herein reveal new insights into the geometric regulation of monocyte 
recruitment. The effect of P-selectin presentation length on the extent of monocyte rolling 
adhesion demonstrated in our experiments parallels findings by others regarding length 
scale-regulated effects on platelet adhesion to fibrinogen [142] and leukocyte adhesion to 
P-selectin [70]. Yet, to our knowledge, this is the first report to detail how a two-step 
adhesion process (rolling and firm adhesion) under hemodynamic conditions is regulated 
by the geometry of lumen-presented cell adhesion proteins. Furthermore, signaling 
pathways triggered by adhesive molecule presentation geometry have been shown to 
induce cytoskeletal rearrangement implicated in the geometric regulation of stem cell, 
platelet, and endothelial cell adhesion and consequently cell survival, differentiation, and 
other phenotypic changes [151-154], but the manner in which P-selectin presentation 
length regulates the quality of rolling adhesion to facilitate potential downstream 
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signaling processes remained hitherto unexplored. The integrative approach presented 
herein can enable future studies interrogating the effect of adhesion on cell-contact 
mediated signaling events critical to the process of monocyte recruitment and their role in 
disease progression.  
3.5 Conclusions 
Through the integration of spatiotemporal analyses and micropatterning 
techniques with flow-based cell adhesion assays, this study revealed that the cooperative 
role of P-selectin and ICAM-1 in the facilitation of THP-1 monocyte adhesion in 
hemodynamic flow is length-dependent. The length of adhesive substrate presentation 
was also found to modulate wall shear stress and adhesive molecule concentration 
influences on the synergy of P-selectin with ICAM-1 in mediating monocyte firm 
adhesion, effects that correlated with P-selectin concentration- and presentation length-
induced qualitative changes in adhesion. Our results suggest that by reducing the length 
of adhesive molecule presentation required to sustain adhesion or by amplifying the 
extent of adhesion by facilitating adhesion through secondary cell capture, P-
selectin/ICAM-1 synergy resulting from co-presentation has the potential to increase the 
efficiency of monocyte recruitment from the circulation into local tissues. These results 
implicate a pathophysiological significance for the spatially confined, co-localized 
upregulation of these adhesion molecules observed in vivo in influencing the efficiency of 




CHAPTER 4. P-, but not E- or L-, Selectin-Mediated Rolling 
Adhesion Persistence in Hemodynamic Flow Diverges Between 
Metastatic and Leukocytic Cells {Edwards, 2017 #1} 
4.1 Introduction 
Circulating cell recruitment is critical to a variety of physiological and 
pathophysiological processes and occurs amidst the high shear environment of the 
vasculature via a multistep rolling to firm adhesion cascade [3]. Cells initially engage 
with the vascular endothelium via rolling adhesion through fast kinetic interactions 
between endothelial-presented selectins and their corresponding circulating cell-
presented ligands. Selectins, which include P-, E-, and L-selectin that differ structurally 
in the number of consensus repeats that each contains, exhibit distinct profiles of cell and 
tissue expression that presumably underlie their functional roles in cell homing [3]. E-
selectin is primarily expressed on endothelial cells [39], and mediates slow, steady rolling 
adhesion [95], whereas L-selectin is constitutively expressed on leukocytes [40] and 
facilitates intermittent rolling adhesion termed tethering [95]. P-selectin, on the other 
hand, is primarily found on platelets and endothelial cells where its expression can be 
constitutive or rapidly upregulated in response to cell activation [3, 37, 38] and facilitates 
rolling adhesion characterized with intermediate rolling velocities that are typically faster 
than E-selectin, yet more sustained than tethering adhesion mediated by L-selectin [95].  
Under conditions of high shear stress caused by physiological fluid flow, these 
selectin-mediated interactions are vital to a variety of physiological cell homing 
processes [141, 146]. For example, endothelial expressed P- and E-selectin are crucial to 
leukocyte recruitment during inflammation [9, 24], as rolling adhesion facilitated by 
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these molecules precedes firm adhesion and eventual transmigration of circulating cells 
[156]. In the context of vascular injury, monocyte and platelet accumulation and 
aggregation at denuded vascular regions also rely on adhesive interactions with P-selectin 
[86]. While L-selectin expressed on leukocytes can interact with corresponding ligands 
on the endothelium of high-endothelial venules or the inflamed endothelium of non-
lymphoid tissues [157, 158], when expressed by leukocytes adherent to the endothelium, 
it can additionally facilitate secondary capture of circulating cells [62, 122]. 
Selectins have also been implicated in the metastatic progression of multiple 
cancer types, with genetic knockdown or pharmacological inhibition of P-, E-, and L-
selectin significantly reducing metastasis to distant organs in in vivo metastasis models 
[15-17]. This is thought to result from direct interactions of metastatic cells with P- and 
E-selectin expressed on the inflamed vascular endothelium in a manner which facilitates 
their firm adhesion and eventual transmigration [76, 79]. Indirectly, leukocytes and 
platelets can enable in a selectin dependent fashion either secondary capture of metastatic 
cells or the formation of tumor cell emboli to facilitate immune evasion and resist 
dispersive shear forces in the vasculature [17, 80, 81]. Direct or indirect engagement of 
metastatic cells with selectins can also confer pro-survival signals to the selectin-engaged 
tumor cell [82] and can likewise signal to the endothelium for upregulation of 
chemokines in a manner which promotes a permissive metastatic microenvironment [83].  
Accordingly, attenuating selectin-mediated mechanisms of metastatic cell 
adhesion represents an attractive potential approach for attenuating cancer metastasis and 
progression. However, a central challenge in the development of selectin-targeting 
therapeutic strategies remains the potential for deleterious effects of such interventions on 
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normal physiological cell homing. As such, elucidating the manner in which metastatic 
cell interactions with selectins differ quantitatively and qualitatively in comparison to 
leukocytic cells has the potential to help inform the development of cell-specific 
interventions. This pursuit necessitates a platform to interrogate the initiation and 
sustainment of rolling adhesion mediated by selectins by large numbers of heterogeneous 
cells per experiment that can be used for the development and dose testing of therapeutics 
with metastasis-specific inhibition of cell adhesion. To this end, we employed a 
previously developed cell adhesion chromatography platform and analytical methodology 
[28] to parse out differences in the efficiency and rolling adhesion qualities of >2x10
4
 
metastatic and leukocytic cell subtypes on each P-, E-, and L-selectin. This experimental 
configuration ensures all assayed cells have uniform contact with a selectin-
functionalized substrate to allow direct comparisons in adhesive behavior between 
assayed cell subtypes. Additionally, the utilization of recombinant protein-functionalized 
substrates facilitates tight control over the type and density of selectin presentation, and 
wall shear stress can be easily manipulated by changing the rate of perfusion, parameters 
that are more difficult if not impossible to manipulate in endothelialized microfluidic 
devices or in vivo experimentation. Using this experimental and analytical technique, we 
found that diminished rolling adhesion persistence exhibited by metastatic but not 
leukocytic cell subtypes [28] is most pronounced at low concentrations of P-selectin. In 
stark contrast to P-selectin, rolling adhesion was found to be highly persistent on E-
selectin and reduced on L-selectin, irrespective of cell subtype. Conditions under which 
adhesion persistence is diminished correspond to those exhibiting the greatest selectin 
antagonist sensitivity. This data suggests that P-selectin mediated mechanisms of cell 
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homing exhibit the most therapeutically exploitable disparities in metastatic versus 
leukocytic cell adhesive phenotypes. 
4.2 Materials and Methods 
4.2.1 Reagents and Materials 
Cell culture reagents were purchased from Life Technologies (Carlsbad, CA). 
Cell lines were obtained from the American Type Culture Collection (Manassas, VA). 
Anti-Human IgG (Fc specific) and Bovine Serum Albumin (BSA) were from Sigma-
Aldrich. P-selectin-IgG Fc (P-selectin), E-selectin-IgG Fc (E-selectin), and L-selectin-
IgG Fc (L-selectin) were purchased from R&D Systems (Minneapolis, MN). 
Polydimethylsiloxane (PDMS) base and curing agent were from Ellsworth Adhesives 
(Germantown, WI). Non-tissue culture treated polystyrene plates (245 mm x 245 mm) 
were from Corning (Corning, NY). 
4.2.2 Leukocytic and Metastatic Cell Culture 
Human monocytic THP-1 and human promyeloblast HL-60 cells were cultured in 
suspension in RPMI1640 supplemented with 10% heat-inactivated fetal bovine serum, 
1mM sodium pyruvate, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES), and 1% penicillin-streptomycin. THP-1 and HL-60 cells were subcultured 
every third day via 1:5 dilution in order that they be maintained between 2 x 10
5
 and 2 x 
10
6
 cells/mL. Human colorectal adenocarcinoma LS174T cells were cultured in 
Dulbecco’s Modified Eagle Medium supplemented with 10% heat-inactivated fetal 
bovine serum (FBS) and 1% antibiotic-antimycotic and Colo205 cells were cultured in 
RPMI 1640 supplemented with 10% heat-inactivated FBS and 1% antibiotic-antimycotic. 
LS174T cells were harvested via mild trypsinization (0.25% Trypsin/EDTA at 37˚C), 
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centrifuged at 300 x g for 5 minutes and resuspended in complete medium for subculture 
or resuspended and maintained at 37˚C for two hours with continuous resuspension every 
15 minutes to allow for regeneration of surface glycoproteins for use in experiments. For 
Colo205 cells, the suspension cell fraction was collected prior to mild trypsinization of 
adherent cells. Suspension and adherent fractions were centrifuged together at 300 x g for 
5 minutes and similarly resuspended in complete medium for subculture or regeneration 
of surface glycoproteins. Just prior to experiments, all cells were centrifuged at 300 x g 




4.2.3 Flow Cytometry 
P-, E-, and L-selectin ligand expression were measured via flow cytometry. 20 
µg/mL P-, E-, and L-selectin Fc chimeras were premixed 1:1 with FITC-anti IgG (Fc 
specific) in 0.1% BSA in D-PBS with calcium and magnesium for 1 hour at room 
temperature. LS174T, Colo205, THP-1, and HL-60 cells were resuspended in selectin-
IgG premix solutions at 2.5 x10
6
 cells/mL for 1 hour on ice. Cells were subsequently 
washed and resuspended in D-PBS for analysis on the BD LSRFortessa (BD Biosciences, 
San Jose, CA, USA). 
4.2.4 Chamber Fabrication and Functionalization 
A custom designed chamber consisting of a 2 mm wide, 100 μm deep, 10.9 mm 
long linear inlet region followed by a bifurcation into a circular settling feature with inner 
and outer radii of 10.5 and 11.75 mm, respectively, upstream of a 2 mm wide, 100 μm 
deep main channel of either 1.3 or 14 cm in length was used [28]. PDMS base and curing 
agent were mixed at a ratio of 9:1, poured into aluminum channel molds, and cured at 
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90˚C for three hours. Inlet and outlet holes were created with a biopsy punch and 
channels were bonded to polystyrene plates by spin coating (WS-400BZ-6NPP-LITE, 
Laurell, North Wales, PA) a 10:1 ratio of PDMS base to curing agent on glass slides, 
stamping the cured PDMS block in uncured PDMS (functioning as glue), and carefully 
placing on the polystyrene plate, ensuring no air bubbles formed between the plate and 
the PDMS block. Dishes were placed in a 50˚C oven overnight to allow PDMS glue 
mixture to cure. Channels were allowed to cool and then were either used immediately or 
functionalized. For functionalization, the main channel of the chamber was incubated 
overnight at 4˚C with anti-IgG (Fc specific) in D-PBS without calcium and magnesium at 
concentrations corresponding to the desired selectin concentration. The main channel was 
subsequently washed with D-PBS, blocked with 1% BSA in D-PBS for 1 hour at room 
temperature, washed with D-PBS again, incubated with either 2.5, 25, or 50 µg/mL of P-, 
E-, or L-selectin in D-PBS with calcium and magnesium for 2 hours at room temperature, 
and washed again with D-PBS. Finally, the entire device, including the settling feature, 
was blocked with 1% BSA in D-PBS for 1 hour at room temperature, washed with D-
PBS, and stored at room temperature until use in same-day experiments. 
4.2.5 Perfusion Experiments 
An inlet reservoir was installed upstream of the chamber’s settling feature and an 
outlet tubing line was filled with 0.1% BSA in D-PBS perfusion medium and connected 
to the outlet of the D-PBS-filled chamber, taking care to ensure no air bubbles formed at 
connections. The outlet line was connected to a syringe on a PhD Ultra Harvard 
Apparatus syringe pump (Holliston, MA) via Luer-lock connection, and the chamber was 
placed on an optical microscope (Eclipse Ti, Nikon, Melville, NY).  The focal plane was 
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determined in advance by focusing on the bottom of the chamber and raising it 5 µm 
while 0.1% BSA in D-PBS was perfused until D-PBS in the channel was completely 
replaced with 0.1% BSA perfusion media. A 50 μL pulse of 5×10
5
 cells/mL cell 
suspension in 0.1% BSA solution (total of 2.5x10
4
 cells) was then added to the inlet 
reservoir before initiating syringe withdraw at a flow rate appropriate for achieving the 
desired wall shear stress and beginning video acquisition of the experiment. The cell 
pulse was immediately followed by continuous perfusion of 0.1% BSA solution for the 
remainder of the 2 hr video acquisition. In select experiments, cell suspensions and 
perfusion medium contained 0.5, 5, or 25 U mL
-1 
heparin. Videos were acquired using 
NIS-Elements (Nikon, Melville, NY), with identical camera and software settings; 
exposure time was 0.281 μs, the frame rate was 25 frames per second, the objective 
magnification was 10x, the image size was 500 by 376 pixels, and the image was binned 
2x2.  
4.2.6 Video Analysis 
Videos acquired during perfusion experiments were post-processed using a 
custom modified program based on the OpenCV Traffic Flow Analyzer 
(https://github.com/telescope7/TrafficFlowAnalysis). Briefly, the background was 
subtracted using a mask/weight of 0.0005, resulting in an approximate 80 s moving 
average. Frames were blurred by a factor of 13 and thresholded by a factor of 15. A 
Moving Object database stored detected contours > 5 μm in diameter for comparison to 
previously tracked objects. Using either a look ahead window or an overlapping object 
boundary analysis, detected objects were mapped to corresponding earlier locations of the 
same object. Object data was read to a file once the object could no longer be tracked or 
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exited the field of view.  
Free flow cell velocities were approximated as 529, 1059 and 1588 µm/s and 
rolling velocity thresholds were 125, 250, or 375 µm/s at 0.5, 1.0 and 1.5 dyn/cm
2
, 
respectively. Average velocity was calculated from the chamber length (Lchannel, 1.3 or 14 
cm) divided by elution time (telution) less the offset time (toffset, which accounts for the 




    Eqn. 1 
Percent binding time was calculated using Equation 2, which was derived from a mass 
balance and described previously[28], where Vfree flow is the approximated free flow 
velocity, telution is the elution time, toffset is the mean time spent in the settling feature, 
Lchannel is the channel length, and Vinst is the instantaneous velocity in the field of view. 




     Eqn. 2 
4.2.7 Statistical Analysis 
Data were analyzed using RStudio (version 3.3.1, Boston, MA) and statistics and 
plots were generated using GraphPad Prism 7 (GraphPad Software, Inc., La Jolla, CA). 
Data are displayed as either individual data points or as the mean ± SEM. Experiments 
were repeated in triplicate or more, save in select instances where duplicate 
measurements are reported. For determining the relationship between two variables, a 
linear regression was used and slopes determined to be statistically non-zero are indicated 
with an asterisk. Person’s r was reported for determining the relationship between two 
measured variables. Two-way ANOVA with Bonferroni correction for multiple 
comparisons was used to compare the effect of selectin concentration, wall shear stress, 
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or heparin concentration and cell type. One, two, three, and four symbols denotes 
statistical significance with p<0.05, p<0.01, p<0.001, and p<0.0001, respectively. 
4.3 Results 
4.3.1 Leukocytic Cells Exhibit Varied Extents of P-, E-, and L-selectin Binding in 
Solution, While Metastatic Cells Bind All Selectins to Similar Extents 
In order to begin interrogating cell subtype differences in adhesive interactions 
with each of the selectins, conventional flow cytometry methods were employed, in 
which the extent of P-, E-, and L-selectin binding in solution was compared within and 
between cell types. While metastatic colon carcinoma cell lines (LS174T and Colo205) 
each exhibited similar extents of P-, E-, and L-selectin binding in solution (Figure 4.1A-
B), leukocytic THP-1 and HL-60 cells each bound P-selectin to the greatest extent, 
followed by L-selectin, then E-selectin (Figure 4.1C-D). When normalized to unstained 
and secondary antibody-only controls, Colo205 metastatic cells exhibited significantly 
higher E- and L-selectin binding ability compared to both THP-1 and HL-60 leukocytic 
cells (Figure 4.1E). These data suggest that both metastatic and leukocytic cell subtypes 
bind P-, E-, and L-selectin, but exhibit cell subtype differences in their ability to bind E- 
and L-selectin in solution. 
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Figure 4.1 Metastatic and Leukocytic Cells Bind P-, E-, and L-selectin in Solution, 
Though to Different Extents Between Each Cell Type. (A-D) Representative flow 
cytometry fluorescence intensity distributions for P-, E-, and L-selectin binding in 
solution, normalized to the mode fluorescence intensity for each group. Controls 
included both an unstained and secondary-only stained sample. (E) Mean 
fluorescence intensity normalized to unstained sample; two-way ANOVA with 
Bonferroni correction for multiple comparisons; † indicates significance of 
comparison between cell subtypes. (F) Schematic of experimental setup. (i) A pulse 
of cell suspension (50 µL of 5x10
5
 cells/mL) is injected into the inlet reservoir and 
flow is initiated by withdrawing fluid via syringe pump from the outlet. Cells were 
tracked in the field of view (FOV), and the fraction of cells mediating rolling 
adhesion (% rolling) as well as individual cell instantaneous velocities (Vinst) were 
determined. (iii) Average velocities (Vavg) were calculated by dividing the length of 
the functionalized channel (Lchannel) by the difference in elution time (telution) and 
offset time (toffset), each of which are described in the depicted timeline (ii). 
4.3.2 Relationships Between Rolling Adhesion Quantities and Instantaneous Rolling 
Velocities Diverge on E-, but Not P- or L-, Selectin 
Cell recruitment in the vasculature occurs amidst hemodynamic forces imparted 
by blood flow, and as such, binding of selectins to cells in solution as in flow cytometry- 
based assays neglects the effect of wall shear stress on force-dependent selectin-ligand 
interactions [139, 140, 159]. In order to interrogate these interactions in a manner that 
more accurately recapitulates the hemodynamic environment of the vasculature, we 
utilized an adhesion chromatography microfluidic device and analytical platform (Figure 
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4.1F), developed and described previously [28], in which a pulse of cell suspension is 
perfused into a non-functionalized settling feature, which ensures uniform cell contact 
with the substrate prior to entering a main, selectin functionalized channel. The flow rate 
of perfusion medium or cell suspension through the device was predetermined and set to 
achieve wall shear stresses ranging from 0.5 to 1.5 dyn/cm
2
, which typify the low fluid 
forces exhibited in the venous circulation where cell recruitment occurs [16, 139, 140]. 
Two hour long videos acquired and analyzed using high speed video microscopy and a 
custom post-processing program revealed a distribution of instantaneous velocities (Vinst), 
with a notable proportion of cells exhibiting rolling adhesion, which is characterized by 
slow, unsteady forward translation at speeds slower than that of cells in free flow (0 < 
Vinst < 125, 250, or 375 µm/sec for 0.5, 1.0, or 1.5 dyn/cm
2
). The bimodal distribution of 
experimentally measured LS174T metastatic colon carcinoma cell instantaneous 
velocities in shear flow represents cell populations mediating rolling adhesion versus 
those in free flow (non-adherent), where the fraction of rolling cells appeared to decrease 
with increasing wall shears stress (Figure 4.2A) and roll more slowly on P- and 
particularly E-selectin than on L-selectin (Figure 4.2B). The wall shear stress dependency 
of rolling adhesion quantities of both leukocytic [70] and metastatic cells [160, 161] as 
well as the distinct rolling adhesion behavior of LS174T cells on each of the selectins, 
where rolling adhesion is slow and steady on E-selectin, faster on P-selectin, and most 
sporadic and characteristic of “tethering” on L-selectin have been previously described 
[95]. Direct, comprehensive comparisons between the rolling adhesion behavior of 
metastatic and leukocytic cell subtypes on each of the selectins and their dependency on 
wall shear stress and concentration, however, have not been reported.  
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Accordingly, we quantified the extent of cell rolling adhesion in shear flow and 
characterized rolling adhesion velocities of metastatic and leukocytic cell subtypes across 
wall shear stresses, selectin types, and selectin concentrations. As previously reported, a 
reduction in the percent of cells mediating rolling adhesion with increasing wall shear 
stress was observed for all cell subtypes on P-selectin (Figure 4.2C), but only for THP-1 
cells on E-selectin and not for any other cell types on L-selectin (Figure 4.2D-E). The 
shear stress dependency of rolling adhesion quantities on E-selectin was less 
straightforward (Figure 4.2D), particularly for HL-60 cells, where rolling efficiency 
increased from 0.5 to 1.0 dyn/cm
2
, but decreased from 1.0 to 1.5 dyn/cm
2
. Despite these 
differences in rolling fraction dependency on wall shear stress, the extent of rolling 
adhesion was similar between metastatic and leukocytic cells at all wall shear stresses, on 
all selectins (Figure 4.2C-E). Increasing the concentration of functionalized selectin 
increased the proportion of metastatic LS174T rolling cells on all of the selectins, but 
only increased the fraction of rolling leukocytic THP-1 cells on L-selectin (Figure 4.2F-
H). Within this rolling population, instantaneous velocities of both cell subtypes on all 
selectins were directly proportional to wall shear stress, which is in agreement with 
published reports [44, 141], but metastatic Colo205 cells exhibited higher velocities 
relative to both THP-1 and HL-60 leukocytic cells on P- and L-selectin, but not E-
selectin (Figure 4.2I-K). Furthermore, cells exhibited reductions in instantaneous rolling 
velocities with increasing selectin concentrations, particularly on P- and L-selectin 
(Figure 4.2L-N). Taken together, these data suggest that cell subtype differences in 
rolling instantaneous velocities, but not necessarily rolling adhesion quantities emerge 
mostly on P- and L-selectin. 
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Figure 4.2 Leukocytic and Metastatic Cell Rolling Adhesion Quantities and 
Instantaneous Velocities are Dependent on Wall Shear Stress and Selectin 
Concentration. Histograms of LS174T cell instantaneous velocities (Vinst) on 
substrates functionalized with 25 µg/mL P-selectin at 0.5-1.5 dyn/cm
2
 (A) or 25 
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µg/mL of P-, E-, or L-selectin at 1.0 dyn/cm
2 
(B) exhibit two peaks; indicative of a 
population of cells mediating rolling adhesion (Vinst<125, 250, 375 at 0.5, 1.0, and 1.5 
dyn/cm
2
, respectively) and a population of cells in free flow. At 25 µg/mL P-selectin, 
increasing wall shear stress reduces the fraction of cells mediating rolling adhesion 
(A), but does not substantially alter the fraction of cells rolling on either E- (D) or L- 
(E) selectin, and there are no differences in the rolling fraction between cell 
subtypes. At 1.0 dyn/cm
2
, the fraction of metastatic rolling cells increases with 
increasing selectin concentration for P- (F), E- (G), and L- (H) selectin. The 
instantaneous rolling velocities of both metastatic and leukocytic cell subtypes 
increase with increasing wall shear stress (I-K), and decrease with increasing 
selectin concentration (L-N). (A-B) Merged data (n ≥ 2 x10
4
 tracked cells) from 
independently run experiments. (C-E, I-K) Data points represent individual, 
independent experiments, where mean ± SEM is indicated. (F-H, L-N) Data 
represents mean ± SEM. (C-N) Two-way ANOVA with Bonferroni correction for 
multiple comparisons; * indicates significance of comparison to lowest wall shear 
stress or concentration, † indicates significance of comparison between cell subtypes 
either over all wall shear stresses (C-E,I-K) or at each concentration (F-H,L-N). 
Given these modest differences in cell subtype adhesive behavior on P-selectin, 
we sought to determine if the relationship between instantaneous velocity and percentage 
of rolling cells similarly diverged by cell type. Holistically, we found these quantities to 
be inversely proportional (Figure 4.3), with slopes that decrease with increasing wall 
shear stress (Table 4.1). However, while instantaneous velocity diverged between cell 
subtypes at low concentrations of P-selectin, the relationship between instantaneous 
velocity and the percent of cells mediating rolling adhesion diverged only on E-selectin 
and to a lesser extent at low wall shear stresses on L-selectin (Figure 4.3E-G,I). These 
results suggest that metastatic and leukocytic cells exhibit selectin-dependent differences 
in the extent and velocity of rolling adhesion. 
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Figure 4.3 Divergence of Relationships Between Rolling Adhesion Quantities and 
Instantaneous Rolling Velocities with Cell Subtypes Varies on P-, L-, Versus E-
selectin and With Wall Shear Stress. The median instantaneous velocity of cells 
mediating rolling adhesion is inversely proportional to the percent rolling cells of 
total on P-(A-D), E- (E-H), and L- (I-L) selectin, and the slopes of these relationships 
decrease with increasing wall shear stress. (A-C, E-G, I-K), linear regression with 
slopes reported separately for grouped metastatic (LS174T and Colo205) and 
leukocytic (THP-1 and HL-60) cells, significantly non-zero slopes indicated with a *, 
and significant comparisons between the slopes of regressions for cell subtypes 
indicated with a †. (A-L) Data points represent individual, independently run 
experiments. 
 
Table 4.1 Slopes of Mean Cell Instantaneous Velocity Versus Percent Rolling 
Decrease with Increasing Wall Shear Stress. Summary of slopes from linear 
regressions and Pearson’s r values for relationships between instantaneous velocity 
and percent rolling cells shown in Figure 4.3 D, H, and L for all cell subtypes pooled 
and grouped by wall shear stress. * Indicates significance of Pearson’s r correlation. 
Selectin τwall (dyn/cm
2) Slope r Sig. 
P 
0.5 -0.17 -0.32 ns 
1 -0.21 -0.91 **** 
1.5 -0.034 -0.24 ns 
E 
0.5 -0.49 -0.47 ns 
1 -0.27 -0.79 **** 
1.5 -0.036 -0.29 ns 
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L 
0.5 -0.23 -0.48 ns 
1 -0.25 -0.92 **** 
1.5 -0.034 -0.29 ns 
4.3.3 Average and Instantaneous Velocities Diverge on P-selectin for Metastatic Cells 
and L-selectin for Metastatic and Leukocytic Cells 
 In order to gain insight into the average, rather than instantaneous, adhesive 
behavior of each cell subtype on P-, E-, and L-selectin over the entire channel length 
versus imaging field of view, we next analyzed the elution time behavior of cells (e.g. 
arrival within the field of view at the end of the selectin-functionalized channel). As 
expected, LS174T cells perfused through non-functionalized channels (blank), exhibited 
residence time distribution profiles that showed the entire cell population eluting within 
the first few minutes of perfusion, whereas increasing P-, L-, and to a lesser extent E-
selectin concentrations facilitated adhesion in a manner which increased the residence 
time of cells in the field of view (Figure 4.4A-C). Elution times were utilized to 
determine average velocities on a single cell basis (Equation 1, Methods), which were 
found to be significantly higher for both LS174T and Colo205 metastatic colon 
carcinoma cells relative to THP-1 or HL-60 leukocytic cells at 25 µg/mL P-selectin and 
increased with increasing wall shear stress (Figure 4.4D). 25 µg/mL L-selectin facilitated 
similar average velocity increases with shear stress for all but HL-60 cells, and metastatic 
Colo205 cells exhibited higher average velocities relative to either leukocytic cell 
subtype (Figure 4.4F). However, there were no cell subtype differences in average 
velocity on 2.5 µg/mL E-selectin, and only modest shear stress dependence (Figure 
4.4E). E- and L-selectin concentrations did not affect average velocities of either cell 
subtype, whereas cell subtype differences in average velocity were exaggerated at low 
concentrations of P-selectin (Figure 4.4G-E). 
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Figure 4.4 Differences in Metastatic Versus Leukocytic Cell Average Velocities are 
Greatest on Low Concentrations of P-selectin at High Wall Shear Stresses. (A-C) 
Representative residence time distributions for LS174T cells on 2.5, 25, and 50 
µg/mL P-, E-, and L-selectin. Increases in wall shear stress result in increased 
average velocities of metastatic cell subtypes on P- selectin (D), marginal increases 
on E-selectin (E), and increased average velocity of both cell subtypes on L-selectin 
(F). Likewise, increasing P-selectin concentration reduces average velocities of 
metastatic, but not leukocytic cell subtypes on P-selectin (G), neither cell subtype on 
E-selectin (H), and both cell subtypes on L-selectin (I). (A-C) Representative data. 
(D-F) Data points represent individual, independently run experiments, where mean 
± SEM is indicated. (G-I) Data represents mean ± SEM. (D-I) Two-way ANOVA 
with Bonferroni correction for multiple comparisons; * indicates significance of 
comparison to lowest wall shear stress or concentration, † indicates significance of 
comparison between cell subtypes either over all wall shear stresses (D-F) or at each 
concentration (G-I). 
 Interestingly, a comparison of computed average velocities with measured 
instantaneous velocities on a single cell basis revealed that while higher average 
velocities generally corresponded to higher instantaneous velocities, the slopes of these 
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relationships indicated that the average velocity does not directly predict the 
instantaneous velocity for all cell subtypes and selectins (Figure 4.5A-B). More 
specifically, the average velocity of metastatic LS174T and Colo205, but not leukocytic 
THP-1 cells, on 25 µg/mL P-selectin overestimated their instantaneous velocity 
(Vavg/Vinst >1, Figure 4.5C), while on 2.5 µg/mL E-selectin, the average and 
instantaneous velocities of all cell subtypes were approximately equal, and their ratio did 
not depend on wall shear stress (Figure 4.5D). On 25 µg/mL L-selectin, Vavg/Vinst of 
rolling cells indicated that average velocity overestimated instantaneous velocity of all 
cell subtypes, particularly at higher wall shear stresses (Figure 4.5E). While concentration 
had minimal effect on this ratio for either cell type on E- or L-selectin, differences in 
Vavg/Vinst between cell subtypes on P-selectin were most pronounced at low selectin 
concentrations (Figure 4.5F-H). When considering the population of cells in free flow, 
the average velocity of metastatic cells much more closely approximated their 
instantaneous velocity at all wall shear stresses on P-selectin (Figure 4.5I), neither cell 
subtype on E-selectin (Figure 4.5J), and both cell subtypes on L-selectin (Figure 4.5K). 
The Vavg/Vinst ratio of cells in free flow exhibited selectin concentration dependence on 
both P- and L-selectin (Figure 4.5L-N). These data suggest that neither instantaneous nor 
average velocity accurately describes all cell adhesive behavior over long lengths. As 
described previously [28], a cell may switch between rolling adhesion and free flow 
states many times over the length of a channel, such that a cell may not arrive in the field 
of view at a time predicted by its instantaneous velocity, thus contributing to a mismatch 
between average and instantaneous velocities.  
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Figure 4.5 Average Velocities Diverge from Measured Instantaneous Velocities of 
Metastatic Cells on P-selectin and Both Metastatic and Leukocytic Cells on L-
selectin in Rolling Adhesion. (A-B) The average velocities computed from elution 
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times increase linearly with instantaneous velocity, where the slope of this 
relationship varies by cell and selectin type. The ratio of average to instantaneous 
velocities of rolling cells increases with increasing wall shear stress for metastatic 
cells and is higher than that of leukocytic cells on P-selectin (E), but not E- (F) or L- 
(G) selectin. P- (H) E- (I), and L- (J) selectin concentration have little effect on this 
ratio. The average velocity of metastatic cells in free flow more accurately predicts 
their instantaneous velocity on P-selectin at all wall shear stresses. (K) These ratios 
for cells in free flow are less than one for both cell subtypes on E-selectin and show 
minimal shear stress or cell subtype dependency (L), but are close to one for both 
cell subtypes on L-selectin (M) and exhibit negligible wall shear stress dependence. 
Increasing selectin concentration reduces the Vavg/Vinst ratio of metastatic cells in 
free flow on P-selectin (N) and both metastatic and leukocytic cells on L-selectin (P), 
while E-selectin concentration exhibits negligible effects (O). (A-B) Representative 
data; linear regression, * indicates non-zero slope. (C-N). Dotted lines indicate 
Vavg/Vinst of 1. (C-E, I-K) Data points represent individual, independently run 
experiments, where mean ± SEM is indicated. (F-H,L-N) Data represents mean ± 
SEM. (C-N) Two-way ANOVA with Bonferroni correction for multiple 
comparisons; * indicates significance of comparison to lowest wall shear stress or 
concentration, † indicates significance of comparison between cell subtypes either 
over all wall shear stresses (C-E,I-K) or at each concentration (F-H,L-N). 
4.3.4 Mean Percent Binding Time is Reduced for Metastatic Cells on P-selectin and 
Both Metastatic and Leukocytic Cells on L-selectin 
 In order to more comprehensively describe cell adhesive behavior over longer 
lengths for more direct comparisons of adhesive behavior between cell subtypes, we 
employed a previously developed metric, mean percent binding time, which estimates the 
fraction of time a cell spends engaged in adhesive interactions with the selectin-
functionalized substrate [28]. For both LS174T and Colo205 metastatic cells, mean 
percent binding time similarly decreased with increasing instantaneous velocity and 
increased with increasing fraction of rolling cells on both P- and L-selectin, but not E-
selectin (Figure 4.6A-B,E-F). However, leukocytic THP-1 cells exhibit mean percent 
binding times that only minimally change with either instantaneous velocity or the 
percentage of rolling cells on P- or E-selectin, but more substantially with L-selectin 
(Figure 4.6C,G). HL-60 leukocytes exhibit trends similar to those of THP-1, though their 
slopes are not statistically non-zero (Figure 4.6D,H). These data suggest that high mean 
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percent binding time is facilitated when a large proportion of cells are rolling at slower 
velocities. 
 
Figure 4.6 Relationships Between Mean Percent Binding Time and Instantaneous 
Velocity or Rolling Efficiencies Diverge Between Selectins for Each Cell Subtype. 
Mean percent binding time is proportional to the median instantaneous velocity of 
rolling cells (A-D) and percent rolling cells of total (E-H) for all cell subtypes. 
Relationships between mean percent binding time and either instantaneous rolling 
velocity or percent rolling are most similar for metastatic cells on P- and L-selectin 
(A-B, E-F) and for leukocytic cells on P- and E-selectin (C-D, G-H). (A-H) Each 
point represents an individual, independently run experiment. Linear regression, * 
indicates non-zero slope, § indicates significance of comparison between selectins by 
one-way ANOVA with Bonferroni correction for multiple comparisons. 
Mean percent binding time of each cell subtype was next evaluated over a range 
of wall shear stresses, selectin types, and selectin concentrations. As we previously 
reported [28], mean percent binding time on P-selectin was reduced for metastatic cell 
subtypes, in a manner most exaggerated at higher wall shear stresses and lower P-selectin 
concentrations (Figure 4.7A,D). On E-selectin, all cell subtypes exhibited approximately 
100% binding time at nearly all wall shear stresses and E-selectin concentrations (Figure 
4.7B,E), whereas L-selectin facilitates cell rolling adhesion with reduced persistence, 
particularly at low selectin concentrations, with only subtle differences between cell 
subtypes (Figure 4.7C,F). The relationship between increasing selectin concentration and 
increased mean percent binding time is similar for LS174T cells on P- and L-selectin and 
for THP-1 cells on P- and E-selectin, revealing a divergence in the way metastatic versus 
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leukocytic cells interact with the selectins holistically (Figure 4.7G,H). The percent 
binding time of cells in shear flow with selectin-functionalized surfaces did not correlate 
with binding to selectins in solution assayed by flow cytometry (Figure 4.7I), nor did the 
percentage of cells rolling, instantaneous velocity, or average velocity (data not shown).  
 
Figure 4.7 Metastatic Cells Exhibit Reduced Rolling Adhesion Persistence on P- and 
L-selectin, but Not E-selectin, in a Manner Which is Dependent on Selectin 
Concentration. (A) The mean percent binding time is reduced for metastatic relative 
to leukocytic cells on P-selectin, particularly at high wall shear stresses. (B) On E-
selectin, both cell subtypes exhibit high mean percent binding time with negligible 
shear stress dependence. (C) Both metastatic and leukocytic cells exhibit reduced 
percent binding time on L-selectin. Increased concentrations of P-selectin restore 
metastatic cell persistence to levels similar to that of THP-1 cells (D), while 
increased concentrations of E-selectin have no effect on mean percent binding time 
(E). (F) Increases in L-selectin concentration yield increased persistence of both cell 
subtypes. The relationship between selectin concentration and mean percent 
binding time is most similar on P- and L-selectin for metastatic cells (G), but P- and 
E-selectin for non-metastatic cells (H). (I) The mean percent binding time at 1.0 
dyn/cm
2
 and 25 µg/mL P-selectin, 2.5 µg/mL E-selectin, or 25 µg/mL L-selectin does 
not correlate with mean fluorescence intensity (MFI) measured via flow cytometry. 
(A-C) Data points represent individual, independently run experiments and mean ± 
SEM is indicated. (D-I) Data represents mean ± SEM. (A-G) Two-way ANOVA with 
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Bonferroni correction for multiple comparisons; * indicates significance of 
comparison to lowest wall shear stress or concentration, † indicates significance of 
comparison between cell subtypes or selectins either over all wall shear stresses (A-
C, G-H) or at each concentration (D-F). (I) Pearson’s correlation indicated by 
grouping. 
4.3.5 Heparin Attenuates Rolling Adhesion Persistence of Metastatic Cells on P-
selectin and Both Metastatic and Leukocytic Cells on L-selectin 
 We next evaluated the effect of low-dose heparin, a known P- and L-selectin 
antagonist [17, 162], on the capacity of metastatic versus leukocytic cells to mediate and 
sustain rolling adhesion with P-, E-, and L-selectin. On P-selectin, we found that 
metastatic cell instantaneous velocity was increased, rolling fraction decreased, and mean 
percent binding time reduced with increasing doses of heparin, while leukocytic THP-1 
mean percent binding time was only marginally diminished at maximum doses of heparin 
evaluated  (Figure 4.8A,D,G). Instantaneous velocities and rolling percentages of both 
cell subtypes on E-selectin did not exhibit clear effects of heparin treatment, but mean 
percent binding time clearly indicated that the rolling adhesion persistence of both cell 
subtypes on E-selectin was not affected by heparin treatment (Figure 4.8B,E,H). On L-
selectin, both metastatic LS174T and leukocytic THP-1 cell instantaneous velocities were 
increased, rolling percentages decreased, and mean percent binding time reduced with 
increasing heparin dose (Figure 4.8C,F,I). Taken with earlier data demonstrating reduced 
mean percent binding time of metastatic cells on P-selectin and both metastatic and 
leukocytic cells on L-selectin, these findings suggest that heparin imparts the greatest 
influence on rolling adhesion behavior of cell subtype-selectin pairs that already exhibit 
reductions in rolling adhesion persistence in the absence of heparin. 
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Figure 4.8 Heparin Increases Metastatic Cell Rolling Adhesion Velocity, Diminishes 
Rolling Adhesion Quantities, and Reduces Rolling Adhesion Persistence on P- and 
L-selectin, but Not E-selectin. The median instantaneous rolling velocity of 
metastatic cells on P-selectin (A) and both metastatic and leukocytic cells on L-
selectin (C) increases with increasing heparin concentration, while instantaneous 
velocities of both cell subtypes on E-selectin do not linearly depend on heparin 
concentration (B). The fraction of rolling cells and mean percent binding time of 
metastatic, but not leukocytic cells decreases with increasing heparin dose on P-
selectin (D, G) though highest tested concentrations of heparin marginally reduced 
persistence of leukocytic cells. On E-selectin, increasing heparin dose did not alter 
the fraction of rolling cells in a correlative fashion (E), nor did it reduce percent 
binding time (H) of either LS174T metastatic or THP-1 leukocytic cells. On L-
selectin, both the fraction of rolling cells (F) and mean percent binding time (I) 
decrease with increasing heparin dose for both cell subtypes. (A-I) Data represent 
mean ± SEM. Two-way ANOVA with Bonferroni correction for multiple 
comparisons; * indicates significance of comparison to lowest concentration, † 




In this work we utilized a previously developed cell adhesion chromatography 
platform and analytical method [28] to analyze cell subtype differences in the efficiency 
and sustainment of rolling adhesion on P-, E-, and L-selectin. We found that frequencies 
of rolling adhesion were inversely proportional to wall shear stress for all cell subtypes 
on P-selectin and for THP-1 cells on E-selectin but did not exhibit linear dependence for 
the remaining cell subtypes on E- or L-selectin. Both measured instantaneous velocities 
and estimated average velocities of all cell subtypes generally increased with increasing 
wall shear stress, decreased with selectin concentration, and differed between cell 
subtypes on P- and to a lesser extent L-selectin (Figure 4.2-Figure 4.4). Quantification of 
the mean percent of time of cell engagement with the selectin-functionalized substrate in 
flow revealed that only on P-selectin, particularly at lower concentrations, but not on E- 
or L-selectin, did disparities in the adhesion persistence of metastatic versus leukocytic 
cell subtypes emerge (Figure 4.6-Figure 4.7). 
By raising the probability of forming the minimum number of bonds required to 
resist the dispersive forces of fluid flow, lower wall shear stress and higher surface 
presented concentrations of selectin have been shown to increase cell rolling adhesion 
frequencies [70]. In agreement with this, we observed a reduction in the percent of cells 
mediating rolling adhesion with increasing wall shear stress for all cell subtypes on P-
selectin and THP-1 cells on E-selectin (Figure 4.2C-D). However, rolling frequencies of 
the other assayed cell types exhibited less straightforward relationships with shear stress,  
(Figure 4.2C-E). These may arise as a result of firm adhesion by cells upstream of the 
imaging FOV in the experimental setup used herein, thereby lowering the overall level of 
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measured rolling adhesion, despite higher overall levels of total adhesion. However, this 
is most likely only in the case of leukocytic cells, given their higher propensity to mediate 
firm adhesion and very slow rolling adhesion on selectins. Alternatively, fast kinetic on-
rates of selectin-ligand pairs may overcome any increased dispersive fluid forces 
imparted by increases in wall shear stress over the range interrogated herein [163]. 
Characterization and modeling of selectin-ligand bond kinetics and mechanics 
have provided context for the divergence of rolling adhesion behavior of leukocytes on P-
, E-, and L-selectin [92, 164] and likewise offer an opportunity to contextualize 
differences in the rolling adhesion behavior of metastatic cells. For example, our findings 
corroborate experimentally verified models describing a reduction in the percentage of 
cells mediating rolling adhesion with increasing instantaneous velocities (Figure 4.3) 
[164, 165]. These models have also suggested that faster rolling adhesion is facilitated by 
higher kinetic off rates and higher reactive compliance, while the frequency of cell rolling 
adhesion is determined by receptor and ligand densities and the shear rate [165]. Thus, 
disparities in any of these parameters may affect the slope of the relationship between 
percent rolling and instantaneous velocity. Indeed, our findings revealed a divergence in 
the slopes of these relationships for metastatic versus leukocytic cells on E-selectin 
(Figure 4.3E-G), which may be attributed to discrepancies in off-rates reported for E-
selectin with Colo205 and HL-60 cells (0.44 and 0.92 s
-1
, respectively) [25] as well as the 
somewhat diminished E-selectin ligand density on leukocytic versus metastatic cells 
revealed by flow cytometry staining (Figure 4.1E). However, slopes for metastatic and 
leukocytic cells interacting with P-selectin do not significantly differ, despite even greater 
disparities in the off-rates of P-selectin-leukocyte and P-selectin-LS174T interactions 
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(0.20 and 2.78 s
-1
, respectively) [27]. It is unclear why these differences in off-rates or 
differences in P-selectin-leukocyte versus -LS174T bond strength (approximately 150 
versus 80 pN, respectively at a loading rate of 1000 pN/s) [26, 27] do not produce 
different slopes of the relationship between instantaneous velocity and rolling 
frequencies, although smaller differences in measured ligand densities for P- and L- 
relative to E-selectin between cell subtypes (Figure 4.1E) and differences in the density 
of bonds formed during rolling adhesion may functionally contribute.  
Receptor-ligand kinetics and mechanics are not only relevant to the propensity to 
initiate rolling adhesion and control instantaneous rolling velocity, but also may 
contextualize differences in the ability of metastatic versus leukocytic cells to sustain 
rolling adhesion. For example, observations of reduced persistence of leukocytic cells on 
L-, but not P- or E-, selectin (Figure 4.7) may correspond to the lower tensile strength of 
leukocyte interactions with L-selectin relative to either P- or E-selectin (approximately 90 
versus 140 and 150 pN, respectively at a loading rate of 1000 pN/s) [88, 164] or the 
inability of L-, but not P- or E-, selectin to form dimerized bonds with leukocytic cell-
expressed P-selectin glycoprotein ligand-1 [166-169]. The lower tensile strength reported 
for P-selectin-LS174T versus P-selectin-PMN interactions (approximately 80 versus 150 
pN, respectively at a loading rate of 1000 pN/s) [26, 27] similarly corresponds to our 
findings of reduced rolling adhesion persistence of metastatic but not leukocytic cells on 
P-selectin. However, despite characterization of bond mechanics of some metastatic cell 
selectin ligands such as podocalyxin-like protein (PODXL) with E- and L-selectin [43, 
93], the rupture force and dimerization potential of other metastatic cell selectin ligands 
such as CD44 and carcinoembryonic antigen (CEA) [43, 44, 95] with each E- and L-
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selectin remains to be determined. Importantly, other cell subtype differences such as cell 
size [28], deformability [170], and ability to extend cellular projections of clustered 
ligands [171-173] may synergistically contribute to the observed rolling adhesion 
behavior. As such, though precise underpinnings of adhesion persistence remain unclear, 
the inability of in-solution flow cytometry assays to accurately predict adhesion 
persistence (Figure 4.7I) underscores the value of assaying cell-selectin interactions in a 
hemodynamically relevant context. 
While the results reported throughout this work focus on human colon carcinoma 
cell lines due to the highly metastatic nature of this cancer type [174] and implicated role 
of selectins in its hematogenous metastasis [121], the rolling adhesion persistence of 
other metastatic cell subtypes may follow similar trends. For example, breast cancer cell 
lines reportedly lack PSGL-1 [175], but express CD44 [110], CEA [176], and PODXL 
[177], much like LS174T cells [43, 44, 95], which may imply that their rolling adhesion 
behavior exhibits similar trends on P-, E- and L-selectin. However, the extent to which 
the type and density of selectin ligand expression versus other cell characteristics regulate 
a cells ability to initiate and sustain rolling adhesion remains unclear. Accordingly, the 
approach described in this work may offer standardized metrics by which a more holistic 
description of rolling adhesion behavior of other metastatic cell subtypes can be 
characterized. 
The experimental and analytical technique presented herein furthermore enabled 
for a direct comparison of the effects of heparin on metastatic versus leukocytic cell 
adhesion to each of the selectins. Given its ability to reduce metastatic spread in in vivo 
models by inhibiting L-selectin mediated adhesion and interfering with P-selectin 
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mediated aggregation of platelets on tumor cells [17, 178], heparin has been explored for 
its potential as an anti-metastatic therapeutic. However, heparin has also been shown to 
attenuate P- and L-selectin mediated adhesion of leukocytic cells [162, 179-182], the 
recruitment of which is indispensable to the maintenance of homeostasis [24, 146, 158] 
and furthermore has been implicated in preventing the progression of metastasis by 
engulfing tumor debris and recruiting other cytotoxic cell subtypes [13]. Accordingly, 
understanding the efficacy and dose-effects of heparin or other anti-metastatic drug 
candidates on selectin-mediated interactions of metastatic versus leukocytic cells 
represents an important step in the development of successful anti-metastatic 
therapeutics. Our findings revealed that low dose heparin treatment diminished metastatic 
cell rolling adhesion persistence on both P- and L-selectin, while heparin treatment 
mainly compromised leukocytic rolling adhesion on L-selectin (Figure 4.8). Since 
targeted selectin knockout models have suggested that P-selectin plays a more 
indispensable role in leukocyte recruitment than L-selectin [24, 183], despite general 
effects on rolling adhesion persistence on L-selectin, selective attenuation of metastatic 
rolling adhesion on P- selectin suggests that heparin may selectively attenuate rolling 
adhesion persistence of metastatic cells on both P- and L- selectin, and would have a less 
detrimental effect on perhaps functionally redundant L-selectin-mediated interactions by 
leukocytic cells.  
Our results revealed a striking similarity in the relationships of mean percent 
binding time of LS174T and Colo205 metastatic cells on P-selectin with instantaneous 
velocity, rolling percentages, and selectin concentration sensitivity with these same 
relationships for L-selectin-mediated adhesion (Figure 4.6A-H, Figure 4.7G-H). Since L-
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selectin is primarily responsible for tethering and secondary cell capture of leukocytes at 
later time points in the cell recruitment processes [122, 183, 184] and can mediate 
adhesion with leukocytes in free flow [185], the similarity of metastatic cell adhesion 
persistence facilitated by P-selectin to that of L-selectin may suggest that P-selectin has a 
higher potential to functionally facilitate heterotypic aggregation of metastatic cells with 
activated platelets via platelet expressed P-selectin rather than mediating direct, sustained 
rolling adhesion on the inflamed endothelium. Indeed, McCarty et al. reported that 
metastatic LS174T and Colo205 cells initially tether to P-selectin expressed by surface-
immobilized platelets in a manner that is stabilized by engagement of von Willebrand 
factor [160].  
4.5 Conclusion 
In conclusion, using a cell adhesion chromatography experimental and analytical 
platform to assay large quantities of cells comprising heterogeneous cell populations for 
comparison of their ability to engage in and sustain rolling adhesion on P-, E-, and L-
selectin over a range of wall shear stresses and selectin concentrations, this study 
revealed a divergence in the rolling adhesion persistence of metastatic versus leukocytic 
cells on P-selectin, but not E- or L-selectin. While this disparity was most exaggerated at 
low P-selectin concentrations, both cell subtypes exhibited high, nearly 100% persistence 
on E-selectin and reduced persistence on L-selectin, regardless of selectin concentration, 
an effect that could not be predicted by flow cytometry analysis of cell surface-expressed 
selectin ligand levels. Reduced persistence corresponded to the greater sensitivity to 
selectin antagonism with heparin, thereby implicating P-selectin mediated adhesion 
mechanisms as a therapeutically exploitable target. Overall, our results implicate the 
 91 
utility of the analytical technique presented herein, in which the ability of different cell 
subtypes to initiate and sustain rolling adhesion on P-, E-, and L-selectin is assayed in a 
manner that allows for standardized comparisons of mean percent binding time in 
defining functional differences in cell adhesive phenotypes, particularly in the context of 
screening the cell-specificity of selectin antagonizing therapeutics.  
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CHAPTER 5. NOVEL, FLOW-BASED PLATFORM FOR 
SIMULTANEOUS, FLUOROMETRIC QUANTIFICATION OF 
SINGLE-CELL VELOCITIES AND CELL MOLECULAR 
CHARACTERISTICS 
5.1 Introduction 
 Metastasis is the leading cause of mortality among patients with colon cancer 
[186, 187], which ranks among the most prevalent of cancer types in America [188]. 
While hemodynamic forces facilitate metastatic cell transport to distant organs, they also 
stipulate the need for a highly orchestrated process to facilitate cell extravasation [5]. The 
fast kinetic interactions between metastatic cell selectin ligands with P- E- and L-selectin, 
whose role in facilitating metastasis has been experimentally validated in vivo [15-17], 
represent the impetus for metastatic cell recruitment, since they facilitate capture and 
rolling adhesion of the metastatic cell, which in turn enables slower kinetic mechanisms 
of cell arrest and chemotaxis along and across the endothelium to occur [4, 5]. The role of 
ligands such as sialofucosylated CEA [189, 190], CD44 [191, 192], and CD24 [118, 193] 
in both facilitating such selectin-mediated adhesion and promoting a proliferative, motile, 
and invasive phenotype [32] has been well documented in the literature. However, little is 
known about the precise manner in which these ligands singly or synergistically 
contribute to the diversity of adhesive phenotypes exhibited by metastatic cells in vitro 
[28, 29], thus attenuating our ability to develop therapeutic approaches to mitigate 
binding activity in a manner which reduces metastatic spread. 
Existing experimental techniques fall short in providing unbiased, high-resolution 
and high-dimensional insight into the cellular profiles that regulate rolling adhesion 
during hematogeneous metastasis. For example, adhesive ligands can be isolated, 
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purified, and functionalized on microparticles [88] or non-endogenously expressed in cell 
lines, and force probe [93] or parallel plate flow chamber assays [44] can be utilized to 
assay their ability to mediate functional interactions with selectins in the context of 
mechanical forces. However, since presentation of ligands in their non-native context 
may alter glycosylation, other methods have sought to improve upon these techniques by 
perturbing expression levels of endogenously expressed ligands via fluorescence 
activated cell sorting (FACS) of cells labeled for a particular selectin ligand or genetic 
knockdown of protein ligand backbones [44, 88, 95]. However, these techniques can 
inadvertently regulate the glycosylation of alternative ligands [44], confounding our 
understanding of how selectin ligands contribute to adhesive behavior in their 
unperturbed, native context. Moreover, these approaches are stymied by technical 
challenges such as the requirement of non-function blocking antibodies for FACS-based 
sorting, a lack of persistence of sorted phenotypes in culture, and the infeasibility of 
generating a myriad of knockdown cell lines. Therefore, there is a need for new 
methodologies that simultaneously enable the interrogation of rolling adhesion under the 
influence of hemodynamic force in relation to cellular characteristics, including selectin 
ligand expression, amongst others, in a native, unperturbed context in order to enable a 
greater understanding of the cell-molecular regulation of adhesion and metastasis. 
In order to overcome these challenges, we developed a new method which 
integrates microfluidic [28, 65] and photoconvertable protein technologies [194], to 
fluorescently ascribe single cell velocity as a retainable property of individual cells for 
off chip analysis in an observational rather than interventional approach. When used in 
conjunction with fluorescently tagged antibodies against ligands and markers of interest, 
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we demonstrated for the first time, the ability to simultaneously analyze rolling adhesion 
behavior and cell molecular characteristics on a single cell level via flow cytometry. In 
demonstration of the utility of this platform, we revealed the mutlidimentional 
relationships between expression of the selectin-binding epitope, sialyl Lewis x (sLe
x
), 
with each CD44, CEA, and CD24 and with rolling adhesion frequencies and velocities on 
P-, E-, and L-selectin. Moreover this multidimentional interrogation revealed 
relationships between the cancer stem cell (CSC) marker CD24 with each CD44 and 
CEA to provide context for
 
previously reported disparities in in vitro and in vivo models 
of selectin-mediated adhesion and metastasis, respectively [121]. Overall, this novel, 
high-throughput methodology, which enables the observation of cell properties over 
continuous rather than discrete scales, facilitates high-resolution analysis of the molecular 
underpinnings of heterogeneous cell behavior in the context of spatiotemporal processes 
occurring over timescales of seconds to hours. 
5.2 Materials and Methods 
5.2.1 Materials and Reagents 
LS174T colon cancer cells and corresponding cell culture reagents were purchased 
from American Type Culture Collection (Manassas, VA) and Life Technologies 
(Carlsbad, CA), respectively.  The Phamret cDNA vector was a kind gift of Takeharu 
Nagai at Hokkaido University. Bovine serum albumin (BSA) and anti-human IgG (Fc 
specific) were purchased from Sigma-Aldrich (St Louis, MO). P-, E- and L-selectin were 
from R&D Systems  (Minneapolis, MN). Polydimethylsiloxane base and curing agent 
were from Corning (Corning, NY) and 128 x 86 mm Nunc Omnitray non-tissue culture 
treated polystyrene plates were from Thermo Fisher (Waltham, MA). Double sided 
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adhesive 96042 and non-silicone release liner 5053 were from 3M (Maplewood, MN). PE 
CD444, PE CD66, Alexa Fluor 647 HECA452, PE HECA452, and Alexa Fluor 647 
CD24 antibodies were from BD Pharmingen (San Jose, CA), PE anti-IgG (Fc specific) 
was from Biolegend (San Diego, CA), and Sytox Red, Alexa Fluor 647 Annexin V, and 
CellRox Orange were from Molecular Probes (Eugene, Oregon).  
5.2.2 Cell Culture 
Control and Phamret-expressing LS174T cells were cultured in Dulbecco’s 
Modified Eagle’s Medium, supplemented with 10% heat inactivated fetal bovine serum 
and 1% penicillin-streptomycin. Cells were harvested via mild trypsinization (0.25% 
trypsin-EDTA at 37⁰C), centrifuged at 400 g for 5 minutes, re-suspended in complete 
medium, and either diluted into tissue culture flasks for subculture or maintained in 
suspension at 37⁰C for 2h in order to allow surface glycoproteins to regenerate for use in 
experiments.  
5.2.3 Characterization of 405 nm Light Source and Static Photoconversion 
The power density of a 405 nm laser (M405L2 - UV Mounted LED, 1000 mA, 
410 mW, ThorLabs, Newton, NJ) over a range of power settings was characterized using 
a power meter (Model D3MM, ThorLabs, Newton, NJ) and calculations of the light 
shedding area. To measure the effects of power setting on the extent of photoconversion, 
5x10
4
 LS174T Phamret cells in suspension in D-PBS or 2.5 x10
4
 adherent cells were 
exposed to 405 nm light at a range of power settings and exposure times in a 96 well 
plate and either imaged using GFP and CFP filters on an EVOS digital microscope or 
using a BD LSRII flow cytometer (BD Biosciences, San Jose, CA, USA). The duration of 
phtoconversion was measured by photoconverting cells in the same manner once for 5 
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minutes at maximal power and analysing via flow cytometry at various timepoints 
following photoconversion. 
5.2.4 Cell Viability Assays 
For viability assays, samples of 5 x 10
5
 LS174T Phamret cells in suspension in D-
PBS were either left untreated on ice or treated with 100 µM Tert-butyl hydrogen 
peroxide (TBPH) in complete medium at 37⁰C for 1 h, 1.5% hydrogen peroxide (H2O2) 
in D-PBS at room temperature for 10 min, or exposed to 405 nm light at a power density 
of 6382 mW/cm
2
 for 5 min in D-PBS. After treatment, cells were centrifuged at 300 x g 
and resuspended in either 55nM SytoxRed dead cell stain in D-PBS at room temperature 
for 15 min, 500nM CellROX Orange reactive oxygen species detection reagent in 
complete medium at 37⁰C for 1 h, or Annexin V-Alexa Fluor 647 conjugate at a 1:20 
dilution in D-PBS at room temperature for 15 min. Cells were analyzed immediately 
using a BD LSRII flow cytometer. 
5.2.5 Channel Fabrication and Functionalization 
Microfluidic channels were fabricated as previously described [195]. Briefly, 
double sided adhesive sheets (2 in wide, 9 cm long, 125 µm thick) were backed with non-
silicone release liner into which a U-shaped channel consisting of two parallel 4 mm wide 
by 8 cm long channels connected by a 4 mm wide by 1.5 cm long perpendicular channel 
(Figure 5.4A-B) was cut.  PDMS base and curing agent were mixed at a ratio of 9:1, 
poured into Pyrex dishes, and cured at 90˚C for three hours before being cut to the outer 
dimensions of the double sided adhesive channel. Adhesive channels were affixed to 
cured PDMS blocks, a biopsy punch was used to create inlet and outlet ports, and the 
assembly was affixed to non-tissue culture treated polystyrene plates to complete the 
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The 7.6 cm length of channel nearest the outlet was functionalized by incubating 
with 25 µg/mL anti-IgG (Fc specific) in D-PBS without calcium and magnesium 
overnight at 4˚C, washing with D-PBS, blocking with 1% BSA in D-PBS for 1 hour at 
room temperature, washing with D-PBS again, and finally incubating with 2.5 µg/mL of 
E-selectin or 25 µg/mL of P- or L-selectin in D-PBS with calcium and magnesium for 2 
hours at room temperature. After washing again in D-PBS, the entire device was blocked 
with 1% BSA in D-PBS for 1 hour at room temperature, washed with D-PBS, and stored 
at room temperature until use in same-day experiments. 
5.2.6 Photoconversion Workflow 
An outlet line connected to a withdraw syringe on a PhD Ultra Harvard Apparatus 
syringe pump (Holliston, MA) was filled with perfusion medium (0.1% BSA in D-PBS) 
and installed at the channel outlet. An inlet reservoir was installed, filled with perfusion 
medium and manually withdrawn through the channel until D-PBS in the channel was 
completely replaced with perfusion medium. The entire apparatus was placed on optical 
microscope (Eclipse Ti, Nikon, Melville, NY) and a 405 nm light source was placed 
under the channel, directly downstream of the microscope objective, approximately 1 cm 
from the channel outlet. To ensure exposure across the width of the channel was not 
affected by the curvature of the light shedding area, a 10 mm long 8mm wide slit was cut 
into a mask to occlude 405 nm light exposure outside of this area.   
A 500 μL pulse of 5×10
5




 cells) was then added to the inlet reservoir before initiating syringe withdraw at a 
flow rates calculated to achieve the desired wall shear stress, turning on the 405 nm light 
source to the appropriate power level, and beginning video acquisition. For all 
experiments involving P-selectin or E-selectin functionalized substrates, a laser power of 
4 was used, and for L-selectin experiments a laser power of 5.5 was used. 
Unfunctionalized controls were acquired for each experiment using matched laser 
powers. Following the cell pulse, the reservoir was continuously refilled with perfusion 
medium for the remainder of the 1 hr photoconversion experiment. In select experiments, 
cells were perfused over non-functionalized, blocked channels. NIS-Elements (Nikon, 
Melville, NY) software was used to acquire videos with a frame rate of 25 frames per 
second, an exposure time of 0.281 μs, an objective magnification of 10x, and 2x2 binning 
of a 500 by 376 pixels image. In experiments where the GFP signal was measured during 
video acquisition, a fluorescein isothiocyanate (FITC) filter (excitation 475-492, emission 
505-535, Chroma, Bellows Falls, VT) was used with the similar settings, save for an 
exposure time of 400 ms. 
Photoconverted cells were collected at the end of experiments, and either 
analyzed or sorted immediately using a BD LSRII or FACS Aria (BD Biosciences, San 
Jose, CA, USA), respectively. In experiments where selectin ligand and cancer stem cell 
expression were analysed, cells were centrifuged at 400 g for 5 min and resuspended in 
antibody solutions in D-PBS for 45 min on ice. Staining dilutions or concentrations were 
1:20 for CD44 and CD66, 1:40 for HECA452, 1:10 for CD24, and 20ug/mL premixed 
1:1 selectin:anti-IgG for 1 hour at room temperature. Stained cells were washed and 
resuspended in 0.1% BSA in PBS for analysis via flow cytometry.  
 99 
5.2.7 Data Analysis and Statistics  
Gating and analysis of flow cytometry data was performed using a combination of 
FlowJo (Treestar, Inc., San Carlos, GA) and custom written Matlab scripts (Mathworks, 
Natick, MA). Video analysis was performed using ImageJ (National Institutes of Health) 
with a manual particle tracking plugin [138]. Coefficients of linear models and the 
significance of differences between linear models were determined using linear 
regression analysis of binned data in GraphPad Prism. One- and two-way ANOVA was 
used to determine differences between treatment groups or staining and photoconversion 
groups, respectively, and Bonferonni post hoc analysis was used foranalysis of multiple 
comparisons. Throughout all work, one, two, three, and four symbol s (* or †) indicates 
significance at the 0.05, 0.01, 0.001, or 0.0001 level. 
5.3 Results 
5.3.1 Selectin-mediated Hematogeneous Metastasis and Methods of Its in vitro 
Investigation 
Hematogeneous metastasis is initiated when a cancerous cell from a primary 
tumor intravasates into the bloodstream, travels to distant sites in the body (Figure 5.1Ai) 
and extravasates amidst high shear forces in the blood vasculature, necessitating a 
multistep adhesion cascade [3] (Figure 5.1Aii). To that end, adhesive interactions that 
slow a cell down for eventual arrest and extravasation depend on interactions between 
metastatic cell presented selectin ligands (e.g. sialofucosylated CD44 [88, 196] and CEA 
[44], amongst others [43]) and corresponding endothelial-, platelet-, or leukocyte- 
presented E-, P-, or L- selectin (Figure 5.1Aiii, iv). 
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While this shear-flow enforced, selectin-mediated cell adhesion process can be 
recapitulated using functionalized microfluidic devices (Figure 5.1B), current methods of 
analysis limit interrogation of single cell velocities to videomicroscopy-based tracking 
techniques (Figure 5.1C), which is not only time-consuming, but represents a measured 
property that cannot be retained by cells for simultaneous off-chip analysis with the 
molecular mediators that might underlie the heterogeneity of adhesive phenotypes 
exhibited by LS174T cells (Figure 5.1D). Fluorescently tagged antibodies offer a 
mechanism for labeling cells based on expression of any chosen selectin ligand (Figure 
5.1E), but no such technique exists to “label” cells in proportion to their velocity (Figure 
5.1F). Therefore, there exists a need for a tool to label cells in a manner proportional to 
their rolling velocity, such that direct relationships between selectin ligand expression 
and rolling adhesion behavior of metastatic cells can be assayed (Figure 5.1G) in order to 
better understand the molecular mediators that underlie cell adhesion and consequently 
hematogeneous dissemination of metastatic cancer cells.  
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Figure 5.1 In Vitro Interrogation of Rolling Adhesion Mechanisms of Selectin-
Mediated Metastatic Dissemination for the Elucidation of Cell Adhesivity and 
Ligand Expression Relationships. (A) Circulating tumor cells can escape from the 
vasculature amidst hemodynamic forces to establish secondary tumors through cell-
cell interactions mediated by (ii) selectins presented on the vascular endothelium or 
circulating host cells and (iii) their circulating tumor cell-presented, (iv) sLe
x
-
decorated ligands. (B-C) Hemodynamic microenvironment-mimicking, engineered 
microfluidics, (i) wherein metastatic cancer cells are perfused through selectin-
functionalized channels (ii), integrated with high speed videomicroscopy (C), enable 
the in vitro study of these adhesive processes. (D-G) While adhesive ligands can be 
labeled in a manner proportional to their expression level and analyzed flow 
cytometrically (E), no existing techniques facilitate single-cell labeling (F) of the 
wide distribution of experimentally observed cell velocities (D) that would enable 
the comparison of selectin ligand expression with frequencies and velocities of 
rolling cell adhesion (G). C,D: Representative images (C) and manually tracked 
individual LS174T colon carcinoma cell velocities (D) when perfused over 25 µg/mL 
P-selectin at a wall shear stress of 0.5 dyn/cm
2
. F,G: hypothetical data. 
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5.3.2 Photoconversion of LS174T Colon Carcinoma Cells Stably Expressing the 
Phamret Protein Is Dependent on 405 nm Light Source Exposure Time and Power 
The ability of the Phamret protein to be used to label cells in a binary fashion has 
been previously described [194], but the utility of this protein in a manner which exploits 
the non-instantaneous kinetics of photoactivation at the whole-cell level has been less 
studied. Activation of the Phamret protein with a 405 nm light source shifts the excitation 
maximum of the PA-GFP portion of the fusion protein from 397 nm to 495 nm (Figure 
5.2A)[194] such that when stably transfected in LS174T colon carcinoma cells, local 
stimulation with a 405 nm light source can elicit local increases GFP signal (Figure 
5.2B). At the whole cell level, increasing duration of 405 nm exposure is expected to 
increase the relative proportion of PA-GFP in its activated versus inactive state (Figure 
5.2A) [197, 198]. When larger populations of cells are exposed to 405 nm light however, 
variations in per-cell Phamret expression level necessitate the use of CFP signal from the 
fusion protein for normalizing measured GFP signal. In this way, the extent of 
photoconversion can be measured by the ratio of GFP to CFP signal, which we found to 
increase with increasing duration of adherent LS174T cells exposure (Figure 5.2C). 
Moreover, this direct relationship between exposure time and the extent of 
photoconversion can be observed for cells in suspension and on a single cell basis using 
flow cytometry. Increasing exposure times resulted in a flow cytometry-measured 
increase in GFP signal, while the mean CFP intensity remained unchanged (Figure 5.2D), 
resulting in concomitant increases in mean GFP/CFP ratios (Figure 5.2E). When 
normalized to the GFP/CFP ratio for unphotoconverted cells, up to a six-fold increase in 
GFP/CFP ratio is achievable by exposure to maximal laser power levels (power density: 
6382 mW/cm
2
, Figure 5.2F). This manner of photoconversion was also tunable by laser 
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power and Phamret expression level, evidenced by their effects on the half-max (EC50, 
Figure 5.2G, Figure 5.3B) and maximum slope (Figure 5.2H, Figure 5.3E) of 
photoconversion-exposure time curves, respectively, demonstrating the ability to tune the 
photoconversion response of Phamret transfected cells for a desired kinetic process.  
 
Figure 5.2 Photoconversion of Phamret-Expressing LS174T Colon Carcinoma Cells 
is Spatiotemporally Controlled. (A) After stimulation with a 405 nm laser, the 
maximum excitation of PA-GFP within Phamret shifts from 397 nm to 495 nm. CFP 
within Phamret, which is unaltered by 405 nm stimulation, enables normalization to 
single cell Phamret expression levels, quantified as the GFP/CFP ratio. (B) 405 nm 
stimulation (red circle) results in locally increased GFP signal by Phamret-
expressing LS174T colon carcinoma cells. (C-G) Fluorescent image (C) and flow 
cytometrically (D-G) measured Phamret-LS174T GFP/CFP ratios are directly 
proportional to 405 nm exposure time (C-F) and power (G). C, Colorbar represents 
GFP/CFP ratio. (H) Rate of photoconversion is tunable via Phamret expression 
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level. (I-J) 405 nm exposure does not increase the frequency of Sytox positive or 
Annexin V positive cells (I), nor the intensity of CellROX staining (J). U, untreated 
cells; P, T, and H, 405 nm photoconverted cells, TBHP, and H2O2 treated cells, 
respectively. (K) Photoconvertion is sustained over hours but reversible. (F,I-J) 
Data represent mean ± SEM of 3 independent experiments. (G-H) EC50 values and 
max slope values were obtained from a fit of the data in (D) to a four parameter, 
variable slope dose-response model. 
In order to ensure feasible implementation in physiologically relevant processes, 
we verified that treatment of LS74T Phamret cells with 405 nm light did not result in any 
significant change in the extent of total cell death or apoptosis, measured by frequencies 
of cells positive for SytoxRed or Annexin V, respectively (Figure 5.2I). Photoconversion 
also did not alter reactive oxygen species (ROS) production relative to untreated cells and 
exhibited significantly less ROS staining than TBHP treated positive controls (Figure 
5.2J). Separate from viability, we confirmed that transfection with the Phamret protein 
did not alter frequencies or velocities of rolling adhesion on P-selectin over a range of 
wall shear stresses (Figure 5.3C-D), demonstrating that functional readouts of the 
pathophysiological process of interest were not affected by the experimental system. 
Finally, while photoconversion is retained over hours, it is reversible, such that 405 nm 
treated cells can be repeatedly used in photoconversion-based experiments (Figure 5.2K). 
All together, these data suggest that the non-instantaneous photoconversion of Phamret 
renders this system an effective means of measuring transfected cell residence time in a 
405 nm light exposure window. 
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Figure 5.3 Characterization of Rolling Adhesion Frequencies, Velocities, and 
Extents of Photoconversion in Response to Varying Phamret Expression Level and 
Laser Intensity. (A) Total exposure is a function of both laser power and exposure 
time. (B) Consequently, Phamret-expressing LS174T cells exposed to different 
powers of 405 nm exhibit distinct relationships between exposure time and the 
normalized GFP/CFP ratio. Neither the extent (C) nor velocity (D) of rolling 
adhesion differs between LS174T cells transfected with differing levels of Phamret 
expression, but the rate of photoconversion of transfected cells is directly 
proportional to Phamret expression level (E). (B,E) Data represent mean ± SEM of 
GFP/CFP ratios from n ≥ 3 independently run experiments. (C) Data represent 
mean ± SEM of 3 FOVs from independently run experiments. (D) Data represents 
mean ± SEM of ≥30 cells in each of 3 FOVs from 3 independently run experiments. 
5.3.3 Implementation of Phamret as a Residence Time Probe Enables  Identification of 
Rolling LS174T Colon Carcinoma Cells 
We next sought to exploit the exposure time-dependence of photoconversion to 
measure cells velocities under hemodynamic conditions. In order to recapitulate salient 
features of the microvascular microenvironment, we fabricated microfluidic devices 
(Figure 5.4A) that featured a blocked settling region upstream of a selectin functionalized 
region [28], in which an imaging field of view and 405 nm exposure window are situated 
(Figure 5.4B). In this way, cells had an equal opportunity to engage in rolling adhesive 
contact prior to the imaging and photoconversion locations. We hypothesized that this 
 106 
integrative setup would enable cells to be photoconverted in a manner proportional to the 
time required to transit the 405 nm exposure window, and thus the extent of 
photoconversion could be used as a proxy for velocity and to distinguish rolling versus 
free-flowing cells (Figure 5.4C). To this end, we examined the relationship between 
manually measured velocities and GFP intensities pre- and post- photoconversion. We 
found an inverse relationship between these measures after photoconversion (Figure 
5.4D), and moreover found calculated velocities to be in good agreement with manually 
measured velocities from video image analysis (Figure 5.4E).  
To assess the functional significance of a highly photoconverted population of 
LS174T cells, the rolling adhesion behavior and metastatic potential of cells sorted by 
their extent of photoconversion on P-selectin were next assayed. Cells were perfused over 
P-selectin functionalized surfaces under 405 nm light exposure and non-photoconverted  
cell populations were used to gate for a photoconverted positive (PC+) and negative (PC-
) population, revealing that approximately 15% of cells perfused over P-selectin were 
within the PC+ gate (Figure 5.4F). Using FACS to physically isolate PC+ and PC- 
populations for reperfusion over P-selectin revealed that the PC+ population exhibited 
marginally greater extents of rolling adhesion, but significantly lower velocities of rolling 
adhesion compared to both PC- and unsorted cell populations (Figure 5.4G-H).  
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Figure 5.4 Photoconversion of Cells Perfused Over P-selectin Measures Rolling 
Velocity and Distinguishes a Rolling Cell Population. (A-B) Fluidic system 
schematic (A) and top view (B). (C-E) Perfusion through the 405 nm illumination 
window can be tuned to photoconvert cells in proportion to their velocities in flow, 
either rolling or free, on selectin-functionalized substrates, an effect recapitulated 
upon reperfusion. GFP levels (D) and GFP/CFP ratio-estimated versus manually 
measured rolling velocities (F) of cells re-perfused over 25 µg/mL P- selectin at 0.5 
dyn/cm
2
. (F) Photoconveted negative (PC-) and positive (PC+) gates established 
from flow cytometry density plots of analyzed non-photoconverted Phamret-
expressing LS174T cells yield negligible PC+ frequencies in unfunctionlaized 
channels but a high proportion when perfused over P-selectin functionalized 
channels. (G-H) FACS sorted and reperfused PC+ LS174T cells mediate rolling 
adhesion at higher frequencies (G) and slower velocities (H) relative to PC- and 
unsorted populations. (D) Points represent individual cells; linear regression, * 
indicates a significantly non-zero slope, † indicates significant difference between 
slopes. (F) Data represent individual cells and mean ± SEM of velocities measured 
from analysis of videomicroscopy recordings or calculated from flow cytometry 
measured GFP/CFP ratios, fit to calibration data with an unpaired t-test for 
comparison between measurement techniques. (G) Data represent mean ± SEM of 3 
FOVs from independently run experiments. (H) Data represents mean ± SEM of 
≥200 cells from 3 FOVs in independently run experiments. 
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5.3.4 Single Cell Analysis of Rolling Velocities on P-, E-, and L- selectin Reveals Their 
Regulation Chiefly by sLex Expression 
Given that cells express a variety of selectin ligands with redundant and 
overlapping functions [30], we implemented the photoconversion platform to determine 
how these ligands singly or synergistically contribute to adhesive interactions in the 
context of fluid flow. By perfusing cells over selectin functionalized surfaces under 
exposure to 405 nm light and labeling collected, photoconverted cells, complex 
relationships between rolling velocities and adhesive ligand expression can be 
interrogated (Figure 5.5A).  
 
Figure 5.5 Photoconversion Reveals Distinct Relationships Between Single Cell 
Velocities and Ligand Expression Levels for Rolling Adhesion on P-, E-, and L-
selectin. (A) Phamret-expressing cells perfused over selectin-functionalized 
substrates under exposure to 405 nm light can be collected and stained with 
fluorescently tagged antibodies, allowing within-population trends to be visualized. 
(B-D) Using the integrated photoconversion fluidic platform, the extent of 
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photoconversion on P-selectin at 0.5 dyn/cm
2 
was found to be directly proportional 
to HECA452 (A) but not CEA staining (B), yet high HECA per CEA density 
(HECA/CEA) correlates with slower velocities (higher GFP/CFP ratios) (D). (E) 
Comparing linear relationships between single stain or ligand-normalized HECA 
immunoreactivity with velocities of rolling versus free flow populations reveals 
CD44 and sLe
x
 expression and selectin staining to be linearly related to the extent of 
photoconversion on all selectins, while CEA expression only correlates with 
photoconversion on E-selectin. However, velocity on all selectins decreases with 
increasing CEA normalized HECA immunoreactivity. (B-D) Binned data, pooled 
from independent experiments and plotted with corresponding linear fits; * 
represents non-zero slopes of the linear fit, † represents significance of comparison 
between rolling and free flow groups. (E) P-values for comparisons between the 





 is recognized as the minimal binding structure required to facilitate 
selectin-mediated adhesion of LS174T cells [199-201], we began our interrogation by 
assessing the relationship between HECA-452 immunoreactivity and the extent of 
photoconversion of cells perfused over P-, E-, and L-selectin. Of note, while HECA-452 




, LS174T cells only express sLe
x [202]
, so it is used 
throughout this work to recognize this epitope, specifically. We found that sLe
x
 
expression exhibited direct proportionality to the GFP/CFP ratio of cells perfused and 
photoconverted on P-, E-, and L-selectin (Figure 5.5B,E; Figure 5.6A-C). With regard to 
other known LS174T expressed selectin ligands, CD44 expression and the extent of in-
solution selectin ligand binding similarly exhibited a direct relationship with the 
GFP/CFP ratio of cells perfused over all substrates (P-, E-, and L-selectin). Interestingly, 
the relationship between CEA and the extent of photoconversion only differed between 
PC+ and PC- populations of cells perfused over E-, but not P- or L-selectin (Figure 
5.5C,E; Figure 5.6E,G), suggesting a specific role for this individual ligand in regulating 
the adhesion of LS174T cells on E-selectin. 
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Figure 5.6 Linear Relationships Between Selectin Ligand Staining and Rolling 
Velocity for All Interrogated Ligand-Selectin Pairs. (A-C) Using the integrated 
photoconversion fluidic platform, the extent of photoconversion was directly 
proportional to HECA452 staining on P-, E-, and L-selectin 0.5 dyn/cm
2
. (D-F) On 
P-selectin, the extent of photoconversion increased with increasing CD44 and CD24, 
but not CEA expression. (G) Compiled coefficients of linear regressions and their 
comparisons between rolling and free flowing population reveals that CD44 and 
sLe
x
 expression are linearly related to the extent of photoconversion on all selectins, 
while CEA expression only correlates with photoconversion on E-selectin. (H-J) The 
ratio of HECA to CEA staining is directly proportional to the GFP/CFP ratio on P-, 
E- and L-selectin. (K) CD44 normalized HECA immunoreactivity did exhibit a 
significant linear relationship with GFP/CFP ratios for cells rolling on any of the 
selectins. (A-F) Binned data, pooled from independent experiments and plotted with 
corresponding linear fits; * represents non-zero slopes of the linear fit, † represents 
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significance of comparison between rolling and free flow groups. (G,K) CF and CR 
correspond to the coefficients of the relationships between interrogated parameters 
for cells determined to be in free flow (PC-) or in rolling adhesion (PC+), 
respectively. P-values are reported for comparisons between rolling and free flowing 
populations. Data in A, E, and H reshown from Figure 5 for completeness. 
In light of the lack of apparent CEA-dependent regulation of L-selectin mediated 
rolling adhesion despite previous reports suggesting its capacity to function on LS174T 
cells as an L-selectin ligand [44], and since protein and lipid sialofucosylation is known 
to confer selectin binding activity [43-45, 88, 94, 95, 160], we sought to understand if the 
relationship between sLe
x
 and CEA may explain this disparity. Indeed, we found that 
higher expression of sLe
x 
relative to CEA conferred slower rolling velocities on all the 
selectins, with most pronounced effects on E-selectin (Figure 5.5D,E; Figure 5.6H-K). 
This suggests that CEA posttranslationally modified with a high-density of sLe
x
 may be 
responsible for adhesion of slow rolling cells on L-selectin, which is further corroborated 
by an increase in the slope of HECA452 versus CEA staining in the total PC+ relative to 
PC- populations (Figure 5.7D). These findings underscore the value of our 
photoconversion platform in revealing both the extent of ligand expression and 




Figure 5.7 The Relationship Between Selectin Ligand and SLe
x
 Expression. (A-C) 
The relationship between CD44 and HECA4452 labeling differ between rolling and 
free flow populations on E-, but not P-, or L-selectin. (D) The relationship between 
HECA452 and either CD44 or selectin stain was less steep for rolling in comparison 
to free flow populations on E-selectin, while the slope of the relationship between 
HECA452 and CEA increased for rolling populations relative to free flow on P- and 
L-selectin. (A-C) Binned data, pooled from independent experiments and plotted 
with corresponding linear fits; * represents non-zero slopes of the linear fit, † 
represents significance of comparison between rolling and free flow groups. (D) CF 
and CR correspond to the coefficients of the relationships between indicated staining 
variables for cells determined to be in free flow (PC-) or in rolling adhesion (PC+), 
respectively. P-values are reported for comparisons between rolling and free flowing 
populations. 
5.3.5 High Co-expression of Selectin Ligand Glycoproteins and sLex Enables 
Enhanced Extents of Rolling Adhesion on P-, E-, and L-selectin 
While rolling velocities represent an important characteristic of selectin-mediated 
adhesion, frequencies of cells interacting with selectins also offer the potential to regulate 
the magnitude of a cell recruitment response, and thus represent an important point of 
inquiry that can be interrogated using our photoconversion platform. Cells can be gated 
into PC+/PC- populations and the distributions of high, low, double-high, and double-low 




Figure 5.8 Rolling Adhesion Frequencies on P-selectin Are Enriched Only When 
Higher Levels of Glycoprotein are Expressed with High Levels of SLe
x
. (A) Example 
gating strategy for cells perfused over 25 µg/mL L-selectin at 0.5 dyn/cm
2
 under 
exposure to 405 nm light. (B) HECA452 and CD44 enrich LS174T cells for a highly 
photoconverted rolling cell population on L-selectin. (C) Co-staining for these 




(Q2) population contains a higher 
frequency of PC+ than PC- cells. (D) P-values from comparison of frequencies of 
PC+ and PC- cells in selectin ligand staining and HECA452 co-staining subgates 
reveals that only HECA452 enriches for a highly photoconverted rolling population 
on P-selectin, while CD44 and CEA also contribute to the enrichment of a rolling 
population on E- and L-selectin. (E) Comparison of p-values of linear relationships 
between the extent of staining and ligand expression to the p-values obtained from 
comparing frequencies between rolling and free flowing cells in different staining 
gates suggests control of rolling frequencies and velocities on each selectin by 
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 cells roll more frequently (F) 
and more slowly (G) on P-, but not L-, selectin functionalized surfaces. U, unsorted 
stained cells. (A) Representative scatter plots from flow cytometric analysis, total 
cell population indicated in black in bottom left and right scatter plots (B-C) Data 
represent mean ± SEM of independently run experiments. One way ANOVA with 
Bonferonni correction for multiple comparisons between cell populations in each 
staining group. (F-G) Data represent mean ± SEM of counts from 3 FOVs from 
independently run experiments (F) or of pooled rolling velocities of 30 cells / FOV in 
3 FOVs from independently run experiments (G), analyzed with a one way ANOVA 
with Bonferonni correction for multiple comparisons between HECA452-sorted 
groups. 
For example, cells perfused and photoconverted over L-selectin functionalized substrates 
exhibited PC+ and PC- populations representative rolling and free-flowing cells, 











revealed an enrichment for PC+ cells over PC- cells (Figure 5.8B-C). Interestingly, when 
comparing across all selectins for different staining combinations, no single glycoprotein 
enriched for a PC+ populations on P-selectin, but cells expressing both high levels of 
glycoprotein expression and sLe
x
 did enrich for PC+ cells (Figure 5.8D). When compared 
with the significance of the difference in relationships between velocity and selectin 
ligand expression for PC+ versus PC- relationships, it became evident that, of selectin 
ligands assayed here, only HECA can singly predict both rolling frequencies and 
velocities on P-selectin, whereas both CD44 and HECA exhibit the ability to singly 
predict both of these behaviors on E- and L-selectin (Figure 5.8E). In accordance with 
this finding, a FACS sorted HECA
hi
 population (Figure 5.9A) resulted in more cells 
interacting with P-selectin at a greatly reduced rolling velocity when compared to 
HECA
lo
 or even unsorted populations (Figure 5.8F; Figure 5.9D). However, this same 
sort failed to reveal differences in rolling adhesion on L-selectin (Figure 5.8G; Figure 




 populations (Figure 5.9F-G). Together, these findings illustrate 
the interrelated nature of ligand expression levels and extents of glycosylation in 
facilitating rolling adhesion, and emphasize the utility of our newly developed 
photoconversion platform in revealing relationships within and between these parameters.  
 
Figure 5.9 HECA-Sort of LS174T Cells. (A) Flow cytometry analysis of HECA 





, and heterogeneous unsorted population. Labeling LS174T cells with 
HECA452 does not interfere with  adhesion, quantified in frequency  (B) or velocity 
(C) of rolling adhesion. (D-E) Velocity histograms from LS174T cells sorted by 
HECA labeling and reperfused over 25 µg/mL P- (D) or L-selectin (E) at 0.5 
dyn/cm
2
. (F) CD44 or (G) CEA low, medium, and high populations exhibit variable 
sLe
x
 expression (HECA452). 
5.3.6 Photoconversion-based Residence Time Analytical Methodology Identifies a Non-
Rolling, CD44lo/CD24hi Population of LS174T Cells 
Finally, we sought to demonstrate the implementation of this system to reveal 
complex relationships between multiple markers in a manner which facilitates the 
generation of new hypotheses regarding the molecular underpinnings of selectin-
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mediated adhesion in the context of cancer metastasis. To this end, we explored the 
relationships between rolling adhesion with canonical selectin ligands CD44 and CEA as 
well as with CD24, an alternative selectin ligand [118, 193, 203] and CSC marker [114]. 








 enriched for PC+ cells over PC- 





relative to PC+ rolling cells (Figure 5.10A-C). Irrespective of photoconversion, the 
lowest 10% of CD44 expressing cells (Figure 5.10G-J) enrich for CD24 positivity with 
regards to both frequency (Figure 5.10P) and intensity of CD24 staining (Figure 5.10Q), 
despite exhibiting reduced extents of photoconversion (Figure 5.10R). In contrast, the 
lowest 10% of CEA expressing cells, gated and analyzed as shown in Figure 5.10K-N do 
not exhibit different extents of photoconversion from the highest 10% (Figure 5.10R), but 
enrich for a CD24
lo
 population (Figure 5.10O-Q). Taken together, these data reveal a 
complex relationship between CD44, CEA, and CD24 expression and the extent of 
rolling adhesion that could not have been elucidated via existing analytical techniques.  
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Figure 5.10 Frequency of CD24
hi
 Cells is Enriched in CD44
low
 but Not CEA
hi
 
Population, and is Not Predicted by Rolling Adhesion. Rolling (PC+) cells on 25 
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µg/mL P-selectin at 0.5 dyn/cm
2









 (D-F) stained population. Data was gated for cells (G.K) and for the 
top/bottom ~10% of CD44 (H) or CEA (L) expression and mean CD24 expression 
(I,M) and GFP/CFP ratios (J,N) were determined. High levels of CEA enrich for a 
CD24
lo
 population (O), while low levels of CD44 enrich for a CD24
hi
 population (P) 
and also exhibit elevated levels of CD24 expression relative to CD44
hi
 cells (Q). (R) 





 populations, but slower velocities in the CD44
hi
 relative to CD44
lo
 
population. (A,B, D, E) Representative scatter plots from flow cytometric analysis., 
total cell population indicated in black. (C,F, O-R) Data represent mean ± SEM of 
independently run experiments. One way ANOVA with Bonferonni correction for 
multiple comparisons between cell populations in each quadrant (C,F) or between 
low and high stained populations (O-R). 
 
5.4 Discussion 
Through the integration of microfluidic approaches to recapitulate salient features 
of the vascular microenvironment [28, 65] with photoconvertable protein technology 
[194], we demonstrate for the first time, the ability to rapidly “label” cells in a manner 
which directly reflects the extent and velocity with which they mediate physiologically 
relevant rolling adhesion interactions (Figure 5.1-Figure 5.4). This technique enables the 
multi-dimensional selectin ligand expression patterns of several thousand single cells to 
be directly related to their adhesive phenotype via off-chip analysis. Moreover, the 
continuous nature by which this platform labels cell velocities facilitates the interrogation 
of the molecular underpinnings responsible for the diversity of adhesive phenotypes 
within a single population of cells (Figure 5.5-Figure 5.10) with a degree of resolution 
previously inaccessible using existing techniques. 
Specifically, our novel photoconversion platform enabled analysis of the 
relationship between endogenous sLe
x
 and glycoprotein expression with rolling adhesion 
behavior of LS174T colon carcinoma cells in order to expound upon the existing 
literature regarding the role of these ligands in selectin-mediated adhesion. For example, 
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our results confirmed, in an endogenously expressed context, a previously revealed direct 
relationship between sLe
x
 expression and rolling adhesion frequencies and velocities on 
P- [204], E- [205], and L-selectin [206] (Figure 5.5B,E; Figure 5.8D,E). We also found 
that CEA expression is directly proportional to velocity only on E-selectin and that high 
levels of CEA enrich for a rolling phenotype on E- and L-, but not P-selectin (Figure 
5.4,Figure 5.8). This contrasts conflicting reports in the literature, which demonstrated 
that total knockdown of this molecule either failed to alter rolling phenotypes [207] or 
only increased velocities on L-selectin [44]. We also found that CD44 expression was 
directly proportional to rolling velocities on P-, E-, and L-selectin (Figure 5.4), while 
previous reports reveal a correlation only between CD44 expression and rolling velocities 
on L- and P-, but not E-selectin using FACS-sorted cells perfused over selectin-
functionalized surfaces [95]. Importantly, however, we found the level and heterogeneity 
of sLe
x
 expression to be intrinsically tied to selectin ligand expression (Figure 5.9F-G). 
Similarly, in knockdown approaches, increased glycan decoration and/or employment of 
an alternative ligand may compensate for the absence of a knocked-down primary ligand 
[44]. Thus, knockdown or FACS based methods may convolute the study of concerted 
versus individual molecular contributions to rolling adhesion behavior. To this end, in 
addition to relieving the burden imposed by cumbersome generation of knockdown cell 
lines or continual resorting of cells, required by the failure of sorted populations to retain 
their phenotype in culture [208, 209], our photoconversion platform offers the advantage 
of taking an observational rather than interventional approach to study these complex 
relationships. 
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Along these lines, our observational approach enabled for the interrogation of 
more complex, multi-dimensional relationships between sLe
x
 and selectin ligand 
expression levels with the ability of cells to mediate rolling adhesion. For example, while 
we found that CD44 on its own failed to distinguish a rolling population on P-selectin, 
despite evidence in the literature for its role in facilitating adhesion on P-selectin [44, 88, 




 population enriched for a 
rolling as opposed to free-flowing population on P-selectin (Figure 5.8D). The same 
requirement for high sLe
x
 co-expression was noted in CEA and selectin-stained groups 
(Figure 5.8D). Consequently, when perfused over P-selectin, cells sorted based on their 
HECA immunoreactivity exhibited distinct rolling phenotypes (Figure 5.8F-G), 
supporting this critical role for sLe
x
 in the facilitation of rolling adhesion on P-selectin. 
Alternatively, cells sorted based on HECA immunoreactivity and perfused over L-
selectin failed to exhibit distinct rolling phenotypes (Figure 5.8F-G), presumably since, as 
putative regulators of L-selectin-mediated adhesion irresepective of sLe
x
 co-presentation 
(Figure 5.8A-D), CD44 or CEA may may ameliorate the effects of reduced glycosylation 
in HECA
lo
 populations. These findings underscore the utility of our novel 
photoconversion platform in interrogating the simultaneous effects of multiple mediators 
of selectin engagement on rolling adhesion behavior. While multiparameter sorting may 
be used to achieve a similar ends, such techniques are limited by the number of discrete 
gates one can sort into (four, given standard FACS equipment), and thus the continuum 
of expression levels cannot be completely assayed using these methods. In contrast, since 
our photoconversion platform enables measurement of all parameters (expression levels 
and velocities) on continuous scales, the relationship between selectin ligands and 
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relative to one another (Figure 5.4D-E;Figure 5.6H-K, Figure 5.7) can be interrogated to 
reveal the more complex regulation of rolling adhesion behavior by both ligand 
expression and the extent of glycosylation. 
By facilitating co-labeling with cancer stem cell markers, this in-flow 
photoconversion platform may additionally provide context for previously reported 
disparities in in vitro and in vivo models of selectin-mediated adhesion and metastasis. 
More specifically, injection of CD44 knockdown LS174T cells in an in vivo colon 
carcinoma model resulted in increased metastasis to the lung [121], despite in vitro 
evidence of the functional role for CD44 in mediating adhesion with P-, E-, and L-
selectin [88]. Using the methodology described herein to assay the expression of both 
CD44 and CEA with the CSC marker CD24, a heavily glycosylated alternative ligand for 
P-selectin [118, 193, 203] associated with cell proliferation, motility, and invasion [32], 
we found that selection of CD44
lo
 cells enriches for CD24 positivity with regards to both 
frequency and intensity of CD24 staining (Figure 5.10). This suggests that knockdown of 
CD44 in in vivo experiments [121] may have inadvertently enriched a CD24
hi
 CSC 
subpopulation, while CEA knockdown enriched a non-CSC CD24
lo
 population, 
potentially leading to the respective increase and decrease in lung metastasis previously 
reported. While CD24 positivity in CD44
lo
 cells did not coincide with a rolling 
population (Figure 5.10A-B,J), a role for CD24 in facilitating selectin-mediated adhesion 
cannot be ruled out. Since we found the CD24 expression correlates with rolling velocity 
(Figure 5.6F), in total absence of CD44 rather than in observational selection of CD44
lo
 
populations, CD24 may compensate for loss of CD44-mediated rolling adhesion. 
Together, these findings demonstrate the ability of our novel photoconversion platform to 
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interrogate multiple molecular mediators involved in rolling adhesion and metastatic 
progression.  
Overall, the photoconversion platform developed and implemented in this work 
could be used to test and generate hypothesis regarding the complex molecular 
underpinnings of the diversity of cell responses in the context spatiotemporal processes 
occurring over time scales of seconds to hours. For example, this flow-based 
photoconversion system could be used to assay the relationship between adhesive 
phenotype and certain variant isoforms of CD44 [192] or podocalyxin-like protein 
(PCLP) [177, 210], reported to be indicative of metastatic potential, in a manner which 
may reveal putative therapeutic targets. This same system could be used in turn to assay 
the efficacy and cell-subtype selectivity of metabolic inhibitors or other potential drug 
candidates for their ability to interfere specifically with the adhesion of the most 
aggressive cell subpopulations. Separately, the platform could be adapted to interrogate 
the regulation of a number of spatiotemporal processes aside from hematogeneous. For 
example, one could employ this system to label cells in in vitro or in vivo wound healing 
assay to analyze characteristics of cells that invade the wound space over different 
timescales. Altogether, the results presented in this work demonstrate the unique ability 
of our novel, flow-based photoconversion platform to enable high throughput labeling of 
cells involved in a wide range of spatiotemporal processes for high resolution, off-chip 
analysis or in vivo experimentation. 
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CHAPTER 6. CONCLUDING REMARKS AND FUTURE 
DIRECTIONS 
6.1 Conclusions 
Maintenance of homeostasis and progression of disease states both rely on the 
ability of cells circulating in the blood stream to home to target tissues throughout the 
body. In order to escape the bloodstream, these cells utilize a highly orchestrated process 
that begins with selectin-mediated rolling adhesion, which acts as the “molecular breaks” 
to slow cells down and allow them to firmly adhere to the vessel wall and subsequently 
exit the bloodstream and enter the tissue. In this work, we sought to understand 1) how 
characteristics of the microvascular microenvironment contribute to this multistep 
process of cell adhesion in flow and 2) how characteristics of circulating cells may 
contribute to their ability to mediate rolling adhesion in early stages of this process.  
First, we have elucidated how the types of biophysical and biochemical changes 
known to persist throughout vascular remodeling may regulate the ability of selectins to 
facilitate monocyte rolling and firm adhesion in flow, and also revealed a role for P-
selectin-mediated adhesion, alone and in synergy with ICAM-1, in facilitating secondary 
events that may regulate pathophysiological monocyte recruitment. Given these 
important functions of selectin-mediated adhesion, we sought out to understand key 
differences in the rolling adhesion behavior of leukocytic and metastatic cells such that 
our findings might inform the development of therapeutics that target metastatic cell 
dissemination specifically without affecting physiologically important cell recruitment. 
Our findings revealed differences in the ability of these cell subtypes to initiate and 
sustain rolling adhesion on low densities of P-selectin, but not E- or L-selectin. Finally, in 
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an effort to help identify specific targets for anti-metastatic therapeutic development, our 
novel simultaneous, single-cell fluorometric quantification of cell velocities and selectin 
ligand expression has helped elucidate the molecular underpinnings of metastatic 
adhesive behavior. We leveraged this system to highlight the central importance of sLe
x
 
in regulating both the frequencies and velocities with which metastatic colon cancer cells 
roll on P-, E-, and L-selectin. Co-staining with canonical CSC markers moreover 
provided context for an anomaly in the literature regarding the role of selectin ligands in 
metastasis. All together, we expect this work will deepen the current understanding of the 
selectin-mediated cell recruitment process, in turn informing the development of 
therapeutic strategies to enhance or interfere with cell homing in the context of 
maintaining homeostasis or treating disease states. 
6.2 Contributions to the Field 
Broadly speaking, by taking an interdisciplinary approach to studying selectin 
mediated adhesion of cells in flow, the work presented in this thesis has the potential to 
impact the fields of cell adhesion biology, microfluidics, pharmacology, immunology, 
and cancer biology. More specifically, in addition to the publications, conference 
presentations and posters which have enabled the dissemination of this work to the 
scientific community, the following outcomes represent direct contributions to the field. 
6.2.1 Microfluidic Techniques for Interrogating the Effects of Vascular Remodelling  
Chapter 3 of this thesis work detailed the development and implementation of an 
innovative experimental methodology incorporating microfluidics, high speed video 
microscopy, and micropatterning of adhesive substrates to recapitulate salient 
biochemical and biophysical features of the remodeled microvasculature. 
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While endothelialized microfluidic devices and in vivo models offer a more 
physiologically relevant context to study vascular remodeling, they do not offer the 
ability to probe individual and concerted effects of vascular remodeling in a controlled 
experimental fashion. In contrast, our system uniquely enables for the precise 
manipulation of wall shear stress, the individual versus co-presentation of P-selectin and 
ICAM-1 at varying densities, and the length over which these adhesive molecules are 
expressed. While similar techniques for patterning adhesive proteins have been 
demonstrated in the literature [68-70], we are the first to integrate this method into a 
system which simultaneously assays multiple conditions typified by the remodeled 
microvascular microenvironment. 
6.2.2 Analytical Cell Adhesion Chromatorgraphy 
In order to analyze and directly compare rolling adhesion behavior of various cell 
subtypes over longer time and length scales, we developed a novel cell adhesion 
chromatography platform and analytical technique. Compared to typical parallel plate 
flow chamber devices often used in the study of cell adhesion, our device offers 
significant technological advancement through the integration of a settling feature 
upstream of the functionalized main channel. In essence, this feature ensures that greater 
than 95% of cells are in contact with the bottom chamber surface once entering the main 
functionalized channel, compared to only ~40% without the settling feature. Since cells 
which are initially heterogeneously distributed about the cross section of the channel 
must settle in order to engage adhesive molecules presented on the bottom surface of the 
channel, this modification is essential to ensuring uniform lengths of cell contact for 
precise determination of adhesion efficiencies.  
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In an effort to characterize the rolling adhesion behavior over longer time and 
length scales in these modified microfluidic devices, we utilized a mass balance to 
develop a new metric, referred to as “adhesion persistence.” This measure essentially 
provides a holistic view of a cell’s rolling adhesion behavior throughout the length of the 
channel as opposed to the snapshot that instantaneous velocity offers. Implementation of 
the adhesion chromatography experimental and analytical technique revealed a 
divergence in the adhesion behavior of metastatic cells and leukocytes, particularly in the 
presence of a potential anti-metastatic drug, that could not be fully captured using 
traditional characterization techniques such as flow cytometry. This finding in particular 
emphasized the utility of our newly developed analytical platform as a drug screening 
device. 
6.2.3 Photoconversion Platform for Interrogation of the Contributions of Selectin 
Ligand Density and Modification as well as CSC Marker Expression on Cell 
Rolling Adhesion 
In order to interrogate the potential molecular underpinnings of rolling adhesion 
frequencies and velocities of metastatic colon carcinoma cells as well as their coincidence 
with a CSC subpopulation, we have developed, validated, and implemented a novel 
technique for simultaneous, single-cell fluorometric quantification of cell velocities and 
cell marker expression. By combining microfluidic technology and transfection of 
metastatic cells with a previously developed fusion protein containing ultraviolet (UV) 
photoactivatable green fluorescent protein (PA-GFP) [194], we demonstrated the ability 
to fluorescently label cells in a manner proportional to their rolling adhesion behavior on 
P-, E-, and L-selectin. Combining this technique with fluorescent antibody labeling of 
cellular adhesion ligands has allowed high throughput analysis of >10,000 cells per 
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experiment to identify molecular determinants of cell rolling adhesion behavior in a 
manner which population averaged measures cannot predict. 
We implemented this technique to reveal a predominate role for sLe
x
 in 
facilitating rolling adhesion on P-, E-, and L-selectin, and also leveraged this platform to 
explain a hitherto surprising finding that despite its role as a functional selectin ligand, 
CD44 knockdown increases colon cancer metastasis to the lung [121]. We believe that 
this technique will be indispensable in the study of the mediators of other clinically 
challenging cancers of other origins, such that targeted metastatic therapeutics may be 
designed. 
6.3 Future Directions 
6.3.1 Analysis of the Effects of Prolonged Cell Exposure to Selectins 
Several studies have reported on the effects of adhesive molecule presentation 
geometry on cell adhesion and resulting signaling. For example, stem cell, platelet, and 
endothelial cell survival, secretion of activating factors, differentiation, and initiation of 
other phenotypic changes have been linked to geometric regulation of cell adhesion [151-
154]. Under hemodynamic flow conditions, spatial regulation of signaling processes is 
exacerbated, since transport limitations to exposure are introduced, as has been observed 
in platelet adhesion and clot formation [142, 211-214]. Given the additional transport 
limitation induced by the forward translation of cells mediating rolling adhesion, 
controlling the length over which adhesive molecules are presented, the techniques 
presented in this work could be used to manipulate exposure time of cells engaged in 
selectin-mediated rolling adhesion under hemodynamically relevant flow conditions to 
important signaling processes. Development of a complementary analytical framework to 
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calculate cell exposure time to surface-bound signaling cues or reciprocal total rolling 
adhesion exposure of a given length of adhesive area to the cumulative effects of multi-
cell rolling adhesion would further our understanding of how remodeling may affect 
secondary, bi-directional signaling processes.  
One biological application of this suggested exposure analysis that is of interest to 
our lab is in understanding the effect of prolonged selectin exposure on cell health and 
survival. Unpublished data from our lab suggests that static exposure of both THP-1 
leukocytic cells and LS174T metastatic cells to P-selectin in solution induces apoptosis in 
a manner that can be stopped or even reversed by co-exposure with ICAM-1. By 
applying the micropatterning techniques presented in this work [122] to manipulate the 
exposure time of cells to selectins under flow conditions, we can begin to understand the 
relevance of this signaling process in the more physiologically relevant context of 
hemodynamic stimulus. Differences in response of leukocytic and metastatic cancer cells 
revealed via using this technique may help contextualize findings of cell-subtype 
dependent rolling adhesion on P-selectin. 
6.3.2 Utilizing Cell Adhesion Chromatography to Interrogate other Cell Subtype 
Differences 
To date, our investigations utilizing the cell adhesion chromatography 
experimental and analytical technique has focused on exposing nuanced differences in 
the adhesive capacity of leukocytic and metastatic cell lines [28, 29], but the 
experimental and analytic methods developed herein could be utilized in future work 
interrogating cell subtype differences for therapeutic exploitation in other contexts. For 
example, validating this work using human primary tumor and immune cell samples 
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would offer insight into whether persistence differences by cell subtype remain 
distinguishable despite patient variability. Separately, interrogating adhesion persistence 
of metastatic cells of other lineages would demonstrate the robustness of the platform and 
analytical method in identifying a rolling adhesion phenotype that is characteristic of 
metastatic cells, specifically. 
6.3.3 Expanding the Application of the Photoconversion Platform to Provide More In-
Depth Understanding of Metastatic Dissemination 
Given its success in identifying selectin ligands relevant to the rolling adhesion 
behavior of LS174T metastatic colon cancer cells, future work will leverage this 
photoconversion platform to understand the role of other selectin ligands in regulating 
rolling adhesion and will also enable the study of other cell subtypes and primary tumor 
cells. For example, since variant isoforms of CD44 are known to be expressed at different 
levels by LS174T cells [88] and are associated with different extents of metastatic 
potentials  [215], the photoconversion platform could be used in the future to elucidate a 
direct link between the functional adhesive behaviors conferred by each of the known 
CD44 variant isoforms.  
Moreover, given the promising results of this work in identifying co-expression 
patterns of CSC markers with selectin ligands and correlating these measures to 
functional rolling adhesion behavior and in vivo metastatic potential, this experimental 
technique could prove vital to teasing out similar relationships for other cell subtypes. 
Especially given the ambiguity of CSC marker that exists in the literature, particularly 
with regard to cell origin [216], our system will enable high throughput interrogation of a 
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number of markers on a wide range of cell subtypes while simultaneously providing 
hitherto unexplored rolling adhesion context for CSC subpopulations [105]. 
Finally, the novel experimental photoconversion platform could be used in 
exploration and validation of novel therapeutics that interfere with selectin mediated 
adhesion. For example, a number of metabolic inhibitors are known to regulate 
experimental metastasis [178] and alter rolling adhesion behavior in metastatic colon 
cancer cell mimetics [88], though the manner in which these agents interfere with selectin 
ligand presentation and modification and in turn affect the extent of rolling adhesion is 
unclear. Understanding their mechanism of action in this way is essential to successful 
drug candidate development. 
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